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PART I. EVALUATION AND DESIGN OF ANHYDROUS 
AMMONIA MANIFOLDS 
2 
INTRODUCTION 
During the past half century anhydrous ammonia (NHs) has emerged as the 
primary source of nitrogen (N) fertilization in the upper Midwest United States. In 
that time the equipment used to apply NHs has become larger as application rates 
have increased. A number of factors have contributed to the popularity of NHs as an 
N fertilizer. First, the cost of NHs has been relatively low when compared to other 
fertilizer forms. Second, it has a very high concentration of N. This makes it the most 
efficient way to apply N fertilizer. Third, many producers feel that the mobility of 
nitrate-nitrogen (NOs-N) within the soil, an anion created by the transformation of 
NH-r, will compensate for any variation in application rate. This is a common 
assumption even though many producers have stated that they are concerned that 
there may be significant variations between application rates of NHs at the 
distribution knives. 
The perceived lack of economic gain from reducing variation in NHs 
application has been a key factor preventing development of manifolds with better 
uniformity. In addition, many producers lease toolbars from local farm cooperatives. 
Producers who use leased equipment are limited to selection of equipment available 
from the cooperative. In turn, cooperatives have focused on product (NHs) sale 
rather than application equipment. 
Those producers concerned with possible under application from some 
knives due to application variation at the manifold, have found a solution to the 
problem by increasing the overall application rate, a practice common with the low 
cost N source. Increases in application rate up to 22 kg N/ha (20 lb N/ac) generally 
represent an increase in the total amount of NHs to be applied of about 10 to 15%; 
therefore, the added expense is small. 
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The concern over NOs-N leaching from farm fields resulting in water quality 
issues in drinking water and environmental impacts to water resources and habitat 
has spurred increased research in this area. Research goals have included reducing 
NOa-N leaching by limiting fertilizer inputs, timing and management of applied N, 
and natural processing of leaching water/tile effluent. The Leopold Center for 
Sustainable Agriculture (Iowa State University, Ames, IA) which partially funded 
this study, has been a strong supporter of projects designed to develop new, creative 
ways to solve many of the most difficult environmental and public policy questions 
in agriculture today. The goal of the research proposed for this project was to 
develop new ways of reducing N application to farm fields. 
To this end, this research examined the mechanical system currently used to 
deliver NHs below the ground surface. It was hoped that evaluation of the 
distribution system would lead to ways to more evenly apply NHs and allow for a 
reduction in application rates. The application rate of NHs is often increased above 
the optimum rate required for full crop development. This over application has been 
referred to as an "insurance" application. The "insurance" application is a slightly 
increased application rate to ensure that each plant receives the intended application 
rate. Any extra NHs applied not needed by the plant will not harm plant 
development but could move to subsurface drainage and be lost through NOs-N 
leaching. Under application can be significantly more harmful economically to the 
producer in the form of lost yields. Both scenarios create problems for the producer 
and the general public. A significant reduction in distribution variation of NHs from 
the applicator would help in both instances. 
During the 40 years preceding about 1985, very little research was done with 
NHs application. The environmental concerns raised recently and the ever 
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narrowing profit margin for producers has forced investigation of NHs application 
methods. 
The manifold body was identified as the key component to examine for 
distribution errors. The application rate is usually set by the operator at the 
regulator or heat exchanger controller. The application rate is set in units of weight 
per unit time. The regulator rate is set using the ground speed of the implement, 
width of the applicator, and the desired application rate in kg N/ha (lb N/ac). The 
regulator controls the total mass flow rate of NHs to the downstream hose, and can 
only determine the overall application rate for a field. The regulator has no control 
over the actual rate that exits each outlet at the manifold. 
The industry standard is the "conventional" manifold; a short, hollow 
cylindrical body with radial outlets to hoses that distribute NHs to the knives. This 
basic shape was developed in the infancy of NHs application and has remained in 
use due to its simplicity, low cost, and the lack of demand for new manifold designs. 
Typical tests have shown application rates at individual knives on a conventional 
manifold that exceeded the rate applied by other knives on the applicator by over 
two times. 
Multiple companies have introduced new manifold designs in the last 10 
years specifically to reduce variation in application. A second commonly used 
manifold behind the conventional manifold is the Vertical-Dam manifold. The 
Vertical-Dam manifold was a significant design variation from the conventional 
manifold and has seen widespread use. During the past half decade, several other 
new designs have been introduced. Manifold design has been constantly improving 
with the objective to limit variation in distribution to an amount equal or less than 
liquid and granular fertilizer application systems. Additional new designs should be 
expected as the subject becomes more visible to producers and researchers. 
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Little has been measured about how NHs acts (i.e. movements, phase 
changes, distribution, etc.) within the distribution system. On a common NHs 
applicator, the distribution system consists of the field supply tank, a flow regulator, 
a manifold for distribution, and several (5 to 19) knives to inject NHs below the soil 
surface along with connecting hoses and valves. Evaluating how NHs acts through 
the system is difficult due to the phase change of NHs from 100% liquid to a liquid 
and gas mixture as the pressure drops along the flow path in the system. Some have 
speculated that NHs reacts as predicted by saturation, following the saturation line, 
staying in a saturated mixture as it moves. This assumption can be used to make 
calculations about NHs quality, where quality is defined as the ratio of mass of NHs 
in the vapor phase to the overall mass of NHs (vapor + liquid) and the higher the 
number, the greater the mass in vapor (pure liquid has a quality of 0). Measurement 
of the properties of NHs, including temperature and pressure may provide insight 
into how the material acts and if change in phase from liquid to gas has an effect on 
distribution. 
Based on these issues, and historical information, the following objectives 
were set for this research: 
1. To determine the ability of the commonly available conventional and Vertical-
Dam manifolds to uniformly distribute NHs during field application. 
2. To determine the ability of other manifold designs available at the time of the 
research to uniformly distribute NHs during field application. 
3. To test an alternative design such as a high pressure system or modifications to 
existing manifold cavities to improve NHs distribution during field application. 
4. To design and evaluate a new low pressure manifold incorporating knowledge 
gathered in this research to further reduce variation during field application. 
5. To examine any correlation between NHs quality, temperature effects, and 
application variation. 
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6. To disseminate project results to applicators and improve application 
techniques. 
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LITERARTURE REVIEW 
Background 
Anhydrous ammonia (NHs) has been widely used by U. S. farm producers for 
the last 50 years. The post World War II expansion in food production encouraged 
increased fertilization for higher yields. According to Collings (1955), no other 
practice in farming had spread so quickly as the direct injection of NHs and nitrogen 
(N) solutions. Farmers made the transition to NHs because of its low cost and high N 
content (82% by weight). It was said that one man could apply NHs to twice as many 
acres as two men with dry granular N fertilizer in one day. 
Andrews (1947) noted in a review of American fertilizer practices that NHs 
had much greater uniformity of application than is usually obtained with solid N 
fertilizers. Neither Collings (1955) nor Andrews (1947) delve into any discussion of 
NHs distribution systems, specifically manifolds. It is noted in these references that 
the distribution system must employ the proper safety valves and corrosion 
resistant equipment, but manifolds and distribution of NHs were not considered a 
design concern or problem. The equipment referenced used a maximum of three 
subsurface injection knives. This applicator size was due to tractor size at the time. 
Anhydrous ammonia has a high field capacity. When compared to urea with 
46% N by weight, 1.78 times more acres can be planted per unit weight of fertilizer. 
This has made NHs very popular for farms with large number of hectares (acres) in 
production (Green 1998). 
Over the past half century, NHs use has increased to the point where 687,333 
tons of NHs were applied to Iowa fields in 1999 (Sands, 2000). With the increase in 
usage came an increase in applicator size. Applicators used in Iowa corn production 
in 2002 range from five to 19 shanks and employ up to two manifolds for 
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distribution. While it was noted by Andrews (1947) that the uniformity of NHs 
application was better than the granular application, advancements in both non-
pressure liquid and solid fertilizer application techniques have left NH3 as the 
application source with the widest variability of application rates from one knife on 
the applicator to the next. 
NHs is a colorless gas at atmospheric temperature and has a pungent, 
penetrating odor, and is normally shipped and stored in the liquid form, obtained 
by compressing the gas. Since the liquid has a fairly high vapor pressure at ordinary 
temperature 787 kPa (114 psig) at 21° C (70° F) and 1601 kPa (232 psig) at 43° C (110° 
F), and a boiling point of -33° C (-28° F), reduction in pressure from an equilibrium 
condition at normal pressures results in production of vapor as the liquid boils 
(Slack and James, 1973). 
Research has been performed to measure application accuracy of liquid and 
granular applicators, but little attention has been paid until recently in evaluating 
the accuracy of NHs application equipment. Rider and Dickey (1982) found that 78% 
of liquid applicators had calibration errors, and those applicators with errors had 
average coefficient of variation (CV) of 21.9%. Granular applicators had 30.6% of the 
equipment tested having calibration errors with an average CV of 4.7% between 
boxes. Accuracy of these systems has been dramatically increased and at present 
many producers prefer liquid application methods for N because of the greater 
application accuracy when compared to NHs. 
Known wide variations in application rates with NHs have resulted in 
concerns about possible water quality issues associated with over application of N. 
Jaynes et al. (2001), found that of three rates on N application ranging from 57 kg 
N/ha to 202 kg N/ha (51 to 180 lb N/ac), only for the lowest application rate for the 
years when soybeans were grown in a corn/soybean rotation did the concentrations 
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in drainage water not exceed the U. S. EPA limit of 10 mg NOa-N/L. For all years of 
the study, the mass of N lost at the high rate was significantly higher than the 
amount lost at the two lower rates. 
Karlen et al. (1998) found that during a four-year study in Iowa, over a wide 
range of N application rates, tillage practices, and application times, 50% of the 
applied N was available for leaching, denitrification, and/or NHa volatilization. The 
two major factors supplying NHs to the groundwater baseflow were high levels of 
residual NOs-N following continuous corn production and precipitation that was 
not taken up by the plant but percolated below the root zone. According to the 
research, the most successful management strategies to reduce offsite NOs-N 
movement will be those that minimize residual NOs-N remaining in the soil at the 
end of the growing season. 
Dinnes et al. (2002) suggested that strategies for reducing NOs-N loss through 
subsurface drainage include the correct timing of N application at appropriate rates, 
and optimizing N application techniques. 
A. Blackmer, interviewed about yield response to NHs application (Fee, 
1997b), noted that corn plant color streaking can be visible when knives on 
applicators under apply. What could not be seen was any evidence of over 
application of NHs as it would not cause discoloration and stress on growing plants. 
He stated that non-uniform application is a major barrier in creating better N 
management strategies. 
While producers have effective means for applying liquid and solid forms of 
N, the two-phase flow encountered with the movement of NHs through application 
equipment has remained the most uncertain part of N fertilizer application. It has 
been shown that NHs can be applied accurately. Vanden Heuvel and Harrold (1990) 
built a small apparatus to apply very small amounts of NHs to a single row. 
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Unfortunately, the apparatus required external cooling of the system and a large 
amount of operator control. Very small flow rates have often been the hardest to 
meter. Their system had a CV between application runs of 3.56%. While only a 
single outlet system, the data collected showed tint accurate application can be 
achieved, leaving implementation to large scale application (i.e. manifold flow 
division) as the biggest obstacle. 
Hedman and Turner (1954), after evaluation of NHj regulator and flow 
controlling devices noted that there was room for greater improvement in 
distributor (manifold) performance than could be achieved with improved total flow 
control. Morgahan (1980) concluded that evaluating NHa applicator performance by 
changes in field tank weight was not adequate for research work. He suggested that 
the distribution of NHs among outlets should be checked. 
Many studies have evaluated existing NHs applicators for distribution 
variation. Weber et al. (1995) studied the regulator/controller as the source of 
variation. Results found that over half of the producers with whom they worked 
used the measured weight difference of the field tank over a known area as the 
method of calibration.In each of these studies, the authors suggested that evaluation 
of manifold distribution would be important in reducing variation. These studies 
were completed with radial-outlet, hollow-body-type manifolds. Between the 1940's 
and the 1990's, these style manifolds were the only design with widespread 
commercial availability. 
Manifold Testing 
McLeod (1985) added a flow integrator to the McGregor Model 83-63 
manifold in an effort to more evenly distribute NHs out of the manifold. Inclusion of 
the integrator did improve distribution and was one of the first steps taken in the 
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recent interest in manifold distribution. Since 1985, research on NHs distribution has 
become more active. 
Continental NHs Products (Dallas, TX) release of the Vertical-Dam manifold 
in the middle 1990's introduced a new design concept in NHs manifolds. The 
manifold strives to temporarily separate NHs liquid and vapor phases, meter them 
through separate orifices and re-combine them to send to the individual application 
knives. Initial tests with the Vertical-Dam showed an average difference from the 
mean application rate of 18% between outlets. Similar tests with the older 
conventional style hollow body manifold resulted in an average difference of 30% 
(Fee, 1997a). 
Hanna et al. (2002) found that when comparing the Vertical-Dam manifold to 
the conventional manifold, port-to-port variability was less for the Vertical-Dam at 
the 56 kg N/ha (50 lb N/ha) application rate, but produced similar variability at the 
112 and 168 kg N/ha (100 and 150 lb N/ac) rates. NHs exiting individual ports on the 
manifold typically varied 10 to 20% from the mean application rate, with the highest 
port flow 150 to 250% of the lowest port flow. 
Boyd et al. (2000) found improved performance with the Vertical-Dam over 
the conventional manifold. The introduction of the Rotaflow™ manifold to the 
Australian market in the late 1990's provided another choice in manifolds. The 
Rotaflow " manifold produced CV values between 5 and 7%, the best CV values 
produced by a commercially available manifold up to that time. 
Schrock et al. (2001b) tested conventional and Vertical-Dam manifolds for 
distribution variation. Treatments included top and bottom inlets on the 
conventional manifold, manifold outlet hose barb diameter, and distribution hose 
length. Results showed a lower CV for the conventional manifold with the bottom 
inlet than the top inlet. The use of smaller diameter manifold hose barbs resulted in 
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higher pressure with the conventional manifold but did not noticeably affect 
uniformity of distribution. However, the higher manifold pressure resulted in less 
variation due to varying outlet hose lengths. 
Schrock et al. (2001b) also looked at trends between CV and percent vapor, 
specific volume, inlet velocity, manifold pressure, and knife tube pressure. Only a 
correlation between inlet velocity and CV was observed with small diameter hose 
barbs with the Vertical-Dam and top inlet conventional manifold. This trend 
suggested that systems that have high inlet velocity may produce more uniform 
distribution for those manifold arrangements. 
Krantz et al. (1994) suggested that metering accuracy to individual knives is 
improved by minimizing the amount of NHs vapor in the manifold. On uneven 
ground it is likely that the liquid moves to the low side in a conventional manifold 
and the vapor exits the high side, varying application rate. They recommended a 
way to improve distribution by limiting the outlet orifice size at the manifold to 
create more back pressure at the manifold. The difficulty is measuring the knife-to-
knife outlet variation. It can be affected by steepness of topography, friction loss or 
back pressure in distribution lines, and the size of opening or orifice at the knife. 
They suggest the only way to accurately determine distribution uniformity among 
knives is to do a water-can test. 
The water-can type test was used by Hanna et al. (2002), Schrock et al. 
(2001a), Schrock et al. ( 2001b), Boyd et al. (2000), and Fee (1997a). Each experiment 
used a slightly different application method, but all had the common procedure of a 
container of water that was weighed before application, application of NHs through 
a knife or outlet into the container forming aqua ammonia, and the resulting mixture 
weighed to determine application rate by difference. 
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To attempt to catch all NHs with the water-can test, researchers have 
designed the water-can procedure to collect less than 35% by weight NHs in the 
aqua ammonia. Boyd et al. (2000) and Hanna et al. (2002) limited NHs concentration 
in the aqua ammonia solution to approximately 5% by weight so that the vapor 
pressure in the head space in the container above the mixture would remain less 
than atmospheric pressure. 
Heat exchangers, often referred to as cold flow converters, are often used for 
metering of NHs flow. Converters allow up to 15% of the NHs to boil, drawing heat 
from itself and its surroundings. The main flow moves through a column inside the 
expanding and boiling gas, and the heat required is taken from the main flow, 
cooling the NHs in the main flow to a temperature where it is essentially 100% liquid 
for metering purposes (Maze, 1997). 
Heat exchangers have become more common on application equipment in the 
past five years. They improve total mass measurement into the distribution system, 
but they have no effect on improving distribution at the manifold. In fact, the use of 
a heat exchanger creates a new problem, in that a stream of vapor used as the energy 
sink for cooling the remainder of the NHs must be added to outlet streams exiting 
the manifold. The distribution of this vapor can cause variation in application rate at 
the knives, even if there is no variation in distribution from the manifold. 
Russnogle (1993) assisted University of Nebraska engineers in evaluating 
flow monitors against regulators for accuracy of overall application rate. Results 
showed that the flow monitors including heat exchangers came much closer to 
meeting the overall application rate. Application rate errors averaged 13% with the 
pressure regulator and dropped to 5.9% with the flow control monitor. 
Some of the error in application rate with a conventional manifold can often 
be attributed to the plumbing arrangement of the manifold. Higher application rates 
14 
have been measured from ports directly across from the incoming flow, with 
intermediate flows from ports behind the incoming flow. The lowest application 
rates were measured from the ports on either side of the manifold midway between 
the high and intermediate areas (Hanna et al., 2002). Reichenberger (1993) added 
that keeping outlet openings the same diameter and hoses the same length can 
reduce variation. 
The addition of data logging equipment has been used to provide insight into 
how an application system operates. The hazards of working with NHs make remote 
data logging a necessity. Weber et al. (1993) instrumented an NHs distribution tank 
to measure weight, temperature, and pressure of the NHs. Datalogging of 
temperature and pressure downstream from the tank can allow calculation of 
distribution between phases of NHs. 
In an attempt to calculate the volumetric flow rate of NHs as it passes through 
the system, Kocher et al. (2001) made the assumption that NHs followed the 
saturation line as its pressure dropped through the system. Unfortunately, neither 
model based on the first or second laws of thermodynamics fit the data well. 
Reasons for lack of fit were hypothesized as a) the simple thermodynamic models 
did not adequately describe the behavior of the NHs flow in the system and/or b) 
measurement error. Failure of the models did not disprove the assumption of 
saturation. 
New manifolds are currently being developed. Schrock et al. (2001a) 
examined a multi-point pulse-width modulation system for NHs application and 
found improved distribution over the conventional manifold. 
Schrock et al. (2001a) defined the application system of NHs as follows: 
Because NHs enters the application machine from a pressurized tank, it typically 
enters the transfer hose as a saturated or slightly super cooled liquid. As it moves 
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through the hose to the metering component, its pressure is reduced slightly by line 
friction. The pressure reduction leads to the vaporization of a portion of the NHs, 
producing a two-phase mixture. At the meter inlet, the amount of NHs vapor 
produced by line pressure loss is usually small on a mass percentage, but it can be 
significant on a volume basis. As the NHs continues through the system, its pressure 
is reduced greatly by the NHs meter, resulting in over 90% of the flow volume 
commonly occupied by vapor. Therefore the challenge for the manifold is to divide 
the output from the meter as equally as possible into multiple ports. 
Development of new distribution systems will be necessary to reduce 
application variation even further than it has been with the newest manifolds 
available. Increasing energy costs may drive up the cost of NHs. Increased cost, in 
conjunction with water quality concerns with over application of N fertilizer, will 
force development of more efficient and accurate application methods. The primary 
focus of current work is manifold development, as it is responsible for flow division 
to subsurface injection knives. 
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MATERIALS AND METHODS 
Seven experiments were conducted between August 1999 and April 2002 to 
evaluate manifold distribution uniformity of NHs during field application. The 
experiments were on fields of the Iowa State University Agricultural Engineering 
Research Center near Boone, IA. Each experiment compared distribution of a 
number of NHs manifolds by measuring the amount of NHs exiting to each manifold 
outlet during a fixed application time. 
Test apparatus and conditions 
A three-point mounted NHs applicator (DMI, Goodfield, IL, model 3250) was 
configured for application by 11 knives (Figure 1). The NHs distribution system of 
the applicator was modified by inserting a pipe tee connection in each distribution 
line downstream from the distribution manifold. Each downstream side of the tee 
was connected to a 12.7-mm (0.5-in) ball valve. Tees and ball valves had 12.7-mm 
(0.5-in) pipe thread connections. Hoses directed the flow from one of the valves to 
the subsurface application knife and from the other valve to a collection container. 
The two valves at each tee connection were connected to a cable such that as the 
cable was pulled in one direction, the valve to the knife would close and the valve to 
the collection container would open. Pulling the cable in the opposite direction 
opened the valve to the knife and closed the valve to the collection container. The 
operating cable was attached to the valve assemblies of all 11 distribution hoses 
from the manifold outlets. A lever and pneumatic cylinder actuated by compressed 
air allowed an operator to simultaneously redirect flow from all 11 knives to 11 
corresponding collection containers. Operating the cylinder in the opposite 
direction directed flow back to the 11 knives. 
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Figure 1. NHs applicator used for all experiments 
Hose length from the manifold to each valve assembly was 3.66-m (144-in), 
with all lines being the same length for all manifolds but the Cold-flo®. For the Cold-
flo® manifold, hose length to the valve assembly was as short and straight as was 
practical, in accordance with manufacturer's recommendations. Hose length from 
the valve assembly to each collection container was 1.02-m (40-in) for all 11 
distribution lines. Figure 2 shows a flow chart of the applicator plumbing for the 
DMI 3250 applicator. 
Application rates selected were 84 and 168 kg N/ha (75 and 150 lb N/ac). A 
variable orifice regulator (Continental Model 4103) was adjusted for tank pressure 
and ambient temperature to provide the N application rates as close to the rate goal 
as possible. 
In an effort to more accurately meet experiment application rate goals, and 
allow for data logging equipment mounting on the regulator, a Nitropacer flow 
meter/regulator (CDS John Blue Co., Hunts ville, AL, #A-3300-H) was used to meter 
NHs flow starting with the November 2000 experiment. 
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Front of 
Tractor 
Manifold \ • 
Figure 2. Applicator flow diagram 
The collection container used for each outlet was a 19-L (5.0-gal) plastic 
bucket sealed on top with a lid. A rubber compression gasket on the lid formed a 
tight seal with the bucket. A Banjo-type quick-coupler fitting attached by stainless 
steel cam arms was used to attach the collection hose at the bunghole of the bucket. 
A 12.7-mm (0.5-in) diameter polyvinyl chloride (PVC) pipe attached at the bunghole 
extended down into the bucket to within 25.4-mm (1.0-in) of the bottom and was 
capped on the end. A single hole, equal in size to the outlet orifice on an application 
knife was drilled near the bottom of the pipe cap to allow entry of the NHs into the 
water. A small hole was drilled in the cap of the second bung on the bucket lid for 
venting. Two sets of 11 collection buckets (A and B) were assembled and numbered 
1A through 11A and IB through 11B, respectively. A frame was constructed of steel, 
wood, and PVC pipe to carry the buckets on the applicator. The buckets were 
connected to the applicator one complete set at a time (A or B) and bucket numbers 
always corresponded to the same manifold distribution outlet and knife (left-to-right 
across the applicator looking in the direction of travel). Buckets were partially filled 
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with water and later emptied of aqua ammonia by removing a cap from the second 
bunghole so that bucket lids did not have to be removed. Figure 3 shows a 
schematic diagram of a bucket used for collection. Outlet #1 on the manifold, located 
at 0° (in the direction of travel), was consistently plumbed to deliver NHs to bucket 
Collection buckets were filled approximately half-full with water, equating to 
10 to 11 kg (22 to 24 lbs) to capture the NHs. Although water may hold up to a 35% 
solution by weight of NH? at atmospheric pressure, in order to reduce vapor 
pressure of the NHs in the headspace above the water to approximately atmospheric 
pressure, it was desired to keep NH? concentrations below 10% by weight. This 
procedure limited the maximum NHs content of the aqua ammonia to less than that 
reported by Kranz et al. (1994) or Schrock et al. (2001b). Buckets were placed on a 
clean plywood surface between weighing and application to avoid collecting soil or 
debris as excess weight. 
Application plots were arranged in the field as a randomized complete block 
with three replications of each treatment. Plots for treatments were randomly 
located in terrain that ranged from 0 to 5 % slope. Most plots were 0 to 3 % slope 
with the travel direction roughly perpendicular to slope contour. 
#1. 
Figure 3. Collection container (bucket) 
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A standard 3785-L (1000-gal) field tank towed behind the applicator provided 
the NHa. NHs flowed via 31.8-mm (1.25-in) hoses from the field tank, through a 
quick-release coupler and regulator to the distribution manifold (25.4-mm (1.0 in) 
hose was used between the regulator the Cold-flo® manifold). A single axle utility 
trailer towed behind the field tank carried the air cylinder for the pneumatic control 
valve and a portable generator for the electric solenoid controlling the pressure 
switch, and provided space for the system operator to ride and operate the flow 
switch. A 9.5-mm (0.38-in) hose connected into a blank outlet on the manifold was 
connected to a pressure gage on the trailer and used to measure manifold pressure 
through March 2000.. The operator riding on the trailer recorded tank pressure, 
manifold pressure, and operated the air cylinder to re-route flow to the collection 
buckets for a specific time period. Figure 4 shows the entire test apparatus in the 
field. 
Figure 4. Applicator, field tank, and control trailer 
21 
After this experiment, electronic temperature and pressure measurement 
replaced the manual measurement. The electronic measurement system included a 
datalogger, thermocouples, and pressure transducers to measure temperature and 
pressure at points located before the regulator, after the regulator, and at the 
manifold At the inlet and outlet sides of the regulator, a 152-mm (6.0-in) stainless 
steel pipe nipple was added. Each nipple had two 9.5-mm (0.38-in) female pipe 
thread (FPT) bosses welded on at 76-mm (3.0-in) on center and at 180 degrees from 
one another. The temperature sensor was installed into the bottom boss and the 
pressure sensor into the top boss. At the manifolds, unused outlet ports were used 
for the two sensors. 
The pressure sensors used were PX-613 stainless steel thin film transducers 
(Omega #PX613-200G5V, Stamford, CT) with a 0-5 vdc output. Calibration checks 
were performed on the three pressure transducers and resolution was 6.9 kPa (1 psi). 
The temperature sensors selected were Omega pipe plug thermocouple probes 
(#TC-K-NPT-G-72-SMP). Resolution on the K type thermocouples was 0.06° C (0.1° 
F). The output from the six sensors was logged at one second intervals during 
application runs with an Omega OM-3000 portable data logger. 
Applicator travel speed was 8 km/h (5 mi/h). Plots were a minimum of 64-m 
(210-ft) long. Collection times were adjusted based on the application rate to collect 
an anticipated average of 0.3 to 0.5-kg (0.7 to 1.1-lb) of NHa. Before each application, 
the applicator was operated for a short period of time to cool the manifold being 
tested to operating temperature. To do this, the tractor operator opened the 
regulator and allowed NHs to flow into the ground for approximately 10 sec before 
the system operator switched flow to the collection buckets. This allowed NHs to 
flow through all lines and equilibrate to field operating conditions. Manifold 
temperature was checked immediately prior to testing with an infrared thermometer 
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and throughout the run with thermocouples starting with the November 2000 
experiment. This allowed the manifold to be tested for its ability to distribute NHs 
at temperatures near those encountered in field operations. Buckets were weighed 
in the field before and after plot application within 10-min of application. Actual 
weight of NHa delivered from each outlet was determined gravimetrically and was 
computed as the difference between the final bucket weight after application of NHa, 
including the water, and the initial bucket weight with water only. 
Because NHa is a hygroscopic or water-seeking compound that can cause 
caustic burns, safety equipment was worn by those working anywhere in the 
vicinity of collection buckets and applicator. This equipment included unvented 
goggles, long rubber gloves, and long-sleeved clothing and long pants. Emergency 
water dispensers were on the application equipment and a livestock tank of water 
was placed near the measuring site for emergency immersion. In addition, a 
respirator with NHa cartridges was worn at all times by the valve operator and by 
other workers when conditions warranted. Whenever the applicator moved from a 
plot to the centralized weighing area, the main tank supply valve to the applicator 
was closed and the regulator opened to purge the system of any remaining NHs. 
Manifolds tested 
To test manifolds during a limited set of temperature and field conditions, the 
number of manifold configurations to be tested for each experiment was limited to a 
maximum of six. An attempt was made to test each manifold for a minimum of three 
experiments. This allowed for a range of field and weather conditions, which tested 
manifold performance in both hot and cold weather, with high and low tank 
pressures. 
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The August 1999 experiment compared conventional, Vertical-Dam, and 
Cold-flo® manifold designs using both 7- and 11-outlet manifold configurations. The 
conventional manifold (Continental NHs Model 3497, Dallas, TX) had spaces for 14 
outlets with 9.5-mm (0.38-in) female pipe thread (FPT) connections. Hose barbs that 
were 9.5-mm (0.38-in) outside diameter and 7.1-mm (0.28-in) inside diameter were 
evenly spaced in the outlets and the remaining outlets were plugged. Flow entered 
the conventional manifold directly from below via a 25.4-mm (1.0-in) diameter 254-
mm (10.0-in) long steel pipe nipple. The Vertical-Dam manifold (Continental NFL 
Products, Dallas, TX) used either 7- or ll-outlet distribution rings and manifold 
housings suggested by the manufacturer for each distribution rate. For the 84 kg 
N/ha (75 lb N/ac) application rate, a MVD housing was used with a 
SM:12"=165#N/acre ring. For the 168 kg N/ha (150 lb N/ac), application rate an SVD-
01 housing with an R-152 cotton ring was used. The MVD housing and SM ring 
were also evaluated at the 168 kg N/ha (150 lb N/ac) application rate. Although this 
application method is not recommended by the manufacturer, it was investigated as 
a method to increase manifold pressure and the amount of NFL present in the 
manifold as liquid. The Cold-flo® system used a Cold-flo® system 16 #20340 canister 
and separate 16 outlet distribution manifolds for NHs liquid and NHs vapor. For the 
conventional and Cold-flo® manifolds, plugged (unused) outlets were spaced as 
evenly as possible around manifold. Outlet hoses were connected in order 
sequentially counterclockwise around each manifold as viewed from above. The 
outlet for knife one on the left end of the applicator was always at a position of 0° 
when viewed from above (0° was the direction of travel). In this manner, 
distribution outlet locations could be determined relative to input flow into the 
manifold assembly. Hoses from all manifolds but the Cold-flo® were 9.5-mm 
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(0.38-in) inside diameter and hose barbs were 7.1-mm (0.28-in) inside diameter for 
the conventional and Vertical-Dam manifolds. 
In order to reduce back pressure for the Cold-flo® manifold, it is 
recommended to use 12.7-mm (0.5-in) hose. For this experiment, 12.7-mm (0.5-in) 
hose and hose barbs were used from the manifold to the valve assembly, but 9.5-mm 
(0.38-in) hose was used downstream from the valve assembly (12.7-mm or 0.5-in). A 
reducer was used to connect the 9.5-mm (0.38-in) hose to the liquid inlet on each 
distribution knife). The smaller hose was used to avoid longer times for changeover 
between manifolds being tested and re-plumbing of connections into the collection 
containers. Pressure loss calculations from fluid mechanics indicated that most 
pressure drop would be at the valve assembly and that using smaller 9.5-mm (0.38-
in) hose beyond that point would contribute little to pressure loss. For the Cold-flo® 
manifold, equal lengths of 12.7-mm (0.5-in) hose were used from the vapor 
distribution manifold to the vapor inlet on each knife. Because only one set of 11 
valve assemblies was available to measure distribution, only the liquid phase of 
distribution was measured. The Cold-flo® manifold was mounted to the applicator 
by a mast provided by the manufacturer to maintain a fixed elevation above the 
outlets. 
Treatments were a factorial combination of the number of manifolds tested at 
two application rates and three replications of each manifold at each application rate 
(i.e. each manifold was operated three times at each of two application rates). 
For the November 1999 experiment, slight modifications were made to some 
of the manifolds and others were replaced with different designs. Conventional 
manifold use continued with minor modifications. In addition to the design used in 
the August experiment (straight-entry), the manifold was also used in a 
configuration with only a 25.4-mm (1.0-in) elbow (elbow-entry). 
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The 254-mm (10.0-in) long nipple was also replaced with a 316 Stainless steel 
nipple of the same length with a Teflon™ coated static flow mixer (Omega Part No. 
FMX8413T) in the nipple (mixer-entry). The two Vertical-Dam manifolds were used 
but the Cold-flo® manifold was not used due to reasons listed in the results and 
discussion section. A Rotaflow™ (H.I. Fraser Pty Ltd, Sydney, Australia) manifold 
was added with the 11 outlet ports evenly spaced in the 24 outlet housing. The hose 
barbs used on the Rotaflow™ manifold had an interior port diameter of 7.1-mm 
(0.28-in). 
To compare distribution characteristics within the conventional manifold, a 
treatment was added with all three blocked ports together on the far side of the 
manifold across from the direction of the incoming flow (uneven plugs). Figure 5 
shows some of the manifolds used in the November 1999 experiment. For the 
November experiment and all subsequent experiments, all tests were run with 11 
manifold outlets and knives. 
A) 3497 w/mixer B) 3497 w/nipple C) 3497 w/ elbow D) Small Vertical-Dam E) Large Vertical-Dam F) Rotaflow 
Figure 5. Manifolds used in the November 1999 experiment 
For the spring of 2000, three manifolds were added to the testing while the 
conventional (mixer-entry) and conventional (straight-entry) were dropped from the 
testing. The conventional (elbow-entry) was retained for its use as the "control" 
manifold due to its widespread use on current applicators. Because of concerns 
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about flow metering due to small orifice size for the small housing Vertical-Dam at 
the 168 kg N/ha (150 lb N/ac) application rate, this treatment was dropped from 
subsequent experiments. As a replacement, the large housing (SVD-01) Vertical-
Dam was tested using the common com ring, and the large housing Vertical-Dam 
with the cotton ring (Continental NHs Products #R-152) treatment continued. The 
cotton ring contained smaller outlet orifices that the com ring but larger ones than 
the small housing Vertical-Dam ring. 
In early spring 2000, two manifolds were designed and tested to look at 
simple manifold designs that were used in application of liquids. They were tested 
to determine if the radial manifold designs or linear manifolds should be given 
continued consideration. 
The two manifolds added to the test were the side-entry linear manifold and 
the tee-entry linear manifold. Each manifold was fabricated out of 25.4-mm (1.0-in) 
inside diameter aluminum pipe and had 12 outlets spaced 50.8-mm (2.0 in) on 
center. A 254-mm (10.0-in) straight nipple was added to the side entry linear 
manifold to help straighten flow before it entered the manifold. Each manifold was 
mounted to the tool bar so that the outlets were vertical with the outlet barbs 
pointing upward. Each linear manifold used 7.1-mm (0.28-in) inside diameter hose 
barbs as the outlets. The tee-entry manifold allowed NHa to enter the manifold 
between two sets of 6 outlets with the same spatial orientation as the side-entry 
manifold. In addition to these, an FD-1200 prototype (CDS John Blue Co., 
Hunts ville, AL) manifold was added to the test. This manifold was a prototype and 
liquid fertilizer manifolds designated FD-1200 are not the same and should not be 
used for NHs. The FD-1200 prototype was plumbed with a 19-mm (0.75-in) straight 
inlet nipple 254-mm (10.0-in) long. Twelve hose barb outlets were 7.1-mm (0.28-in) 
inside diameter. AH manifolds added for the March 2000 experiment used all 
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available outlets, and those carried over from November 1999 experiment 
(Conventional, Vertical-Dam, Rotaflow™) had outlet plugs evenly distributed 
around the manifolds. Figure 6 shows the manifolds added for the March 2000 
experiment. 
In November 2000, an attempt was made to detect the properties of NHa in 
the flow system with temperature and pressure measurements. The "control" 
conventional 3497, Vertical-Dam (small housing, cotton, and com rings), FD-1200 
prototype, and Rotaflow™ were included in the experiment. The linear entry 
manifolds were discontinued as it was determined that they had provided all the 
results necessary for making decisions about their effectiveness in uniform 
distribution. 
Testing of the Vertical-Dam (small housing and cotton ring), conventional 
3497 and the FD-1200 prototype continued for the April 2001 experiment. The Equa-
Flow™ manifold (PGI International, Houston, TX) was added to the experiment. The 
Equa-Flow™ manifold had an operator adjustable plunger to control back pressure 
in the manifold by controlling manifold volume. PGI International recommended 
adjustment so that back pressure at the manifold was 60-75 % of the tank pressure. 
A) John Blue FD-1200 prototype B) Tee Entry Linear Manifold C) Side Entry Linear Manifold 
Figure 6. Manifolds added for the March 2000 experiment 
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The manifold was adjusted to meet this requirement during field tests. Eleven 
standard hose barbs of 7.1-mm (0.28-in) inside diameter were equally spaced around 
the manifold. In addition, the Impellicone manifold, designed by the research group, 
was added to the experiment in two configurations. Development of that manifold is 
discussed later in this section. 
All manifolds from the April 2001 experiment were used in the November 
2001 experiment with the exception of a slight modification to the Impellicone 
manifold. Poor performance in the April 2001 experiment resulted in a number of 
design changes to this manifold. 
For the final experiment in April of 2002 the FD-1200 prototype was omitted. 
In its place the A-6600 manifold (CDS John Blue Co., Huntsville, AL) was tested. The 
A-6600 manifold used a rotating outer ring that allowed for the changing of the area 
of the outlet orifice. Testing of the conventional, Equa-Flow™, and the Impellicone 
continued, and the large housing Vertical-Dam with the com ring was reintroduced. 
The Vertical-Dam small housing and Vertical-Dam large housing with the cotton 
ring was continued. Only Impellicone #2 was tested, the version that had shown 
rotation in the November 2001 experiment. Both the Impellicone and the A-6600 
used 7.1-mm (0.28-in) inside diameter hose barbs equally spaced around the 
manifold. Figure 7 shows the three manifolds introduced in the 2001 and 2002 
experiments. 
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Figure 7. Manifolds added to the 2001 and 2002 experiments 
Development of the Impellicone manifold 
Design parameters 
During the fall and winter of 2000, conceptual development began of a new 
NHa manifold. Requirements were developed based on the preceding research with 
input from producers. The design goals for the manifold were as follows: 
1. The design must be able to be machined from commonly available 
material stock. 
2. The manifold must be able to simply replace an existing manifold, 
without the addition of new plumbing or controller systems. 
3. The manifold should require no input from the operator, i.e. the operator 
should not have to "set" the manifold. 
4. A single design unit should handle all application rates up to 224 kg N/ha 
(200 lb N/ac, 4000 lb NHa/h on the test applicator), as this is a common 
high application rate in Midwest com. 
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Based on these design goals, preliminary sketches were made, and numerous ideas 
explored. Figure 8 shows the original sketch that became the basis for the new 
manifold design. 
This design incorporated an impeller with rifled grooves that would rotate, 
either driven externally or allowed to spin from the impact created by the flow of the 
NHs. After investigating the process of sealing a moving driveshaft into a body filled 
with NH3, it determined that development of a driven impeller was outside the 
range of available resources allocated for manifold development. Allowing the 
material to spin the impeller reduced sealing problems, eliminated the need for an 
electrical supply for the manifold, and reduced costs. The spinning created by the 
NHs flow was hoped to be sufficient to evenly distribute the material to outlets 
arranged radially around the base of a cone shaped impeller. With an impeller 
driven by material flow as the basic design selected, additional design parameters 
were evaluated. 
^^viFiuiO 4DCSic.kJ5 P ^ 
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Figure 8. Preliminary manifold sketch from 8/22/2000 
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Research during the first year and a half of the project showed consistently 
that manifolds with a cavity in the manifold where the NH3 could expand had poor 
distribution. This expansion area allows an initial pressure, causing vapor 
production through boiling of the NH3. The new manifold was designed so the cross 
sectional area for NHs flow would remain constant from the point at which material 
entered through a standard Acme fitting to the point where it left the manifold at the 
outlets. 
For distribution systems using tank pressure to provide NHs flow, pressure 
drop through fittings and the regulator had been shown to be significant. This 
results in a mix of NHs in the liquid and vapor phases at the manifold. To reduce the 
possible effect of uneven distribution due to two-phase flow of the material, it was 
decided that the material should enter the manifold from the bottom and exit at the 
top. Gravity would help the chamber to fill with liquid from the bottom up. Vapor 
bubbles would migrate to the top of the manifold before moving out the outlets. 
The test applicator used in the study was outfitted for 11 outlets. In addition, 
the instrumentation to collect the temperature and pressure data for the manifold 
required an additional two ports. Thus, thirteen ports were used for the manifold 
design. Hose barbs that were 9.5-mm (0.38-in) outside diameter and 7.1-mm (0.28-in) 
inside diameter, common on NHs manifolds, were used to standardize the manifold 
to mate with existing hoses. 
A 19.1-mm (0.75-in) Acme NHs fitting was selected as the inlet fitting. The 
19.1-mm fitting was selected as it would allow for the flow rate necessary for the 
application rate goal without the excess area of the common 25.4-mm (1.0-in) Acme 
fitting. The cross sectional area of the inlet on the 19.1-mm fitting was 285-mm2 
(0.430-in2). Throughout the design, the total cross-sectional area through which the 
material flowed was limited to this value if possible. 
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The sum of the groove area in the impeller, and the sum of the area of the 13 
outlets were set within an acceptable range of 270 to 300-mm2 (0.421 to 0.438-in2). 
This range allowed for any limitations in machining capability. Outlet ports drilled 
with a 5.16-mm (13/64,h-in) drill resulted in a total outlet area for 13 ports of 272-mm2 
(0.422-in2). 
Material selection 
Based on readily available material and the funds for manifold development, 
aluminum was selected for the manifold body, and Teflon® was selected for the 
impeller cone. 
Solid round stock of 6061-T6 aluminum 30.5-cm (12.0-in) in length and 15.3-
cm (6.0-in) in diameter was selected as the blank for the manifold housing. This 
material was selected because of low cost, ease of machinability, low weight, and 
high heat conductance. Common concerns about aluminum being eroded by 
reacting with additives to NH$ (primarily nitropyrin) were considered, but for the 
extent that any prototype would be used, aluminum was considered a suitable 
material. 
For the impeller cone, Teflon® impregnated with 25% glass beads was 
selected and round stock 30.5-cm (12.0-in) in length and 10.2-cm (4.0-in) in diameter 
was used to produce two impeller cone blanks. The addition of 25% glass beads 
impregnated into virgin Teflon® hardens the material making it easier to accurately 
machine, and reduces the dimensional change of the material with temperature 
fluctuations. 
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Prototype fabrication 
The lid for the manifold housing was cut from one end of the round stock and 
finished to 1.105-cm (0.435-in) thickness. The lid was attached with 13 alien head 
screws and a Viton O-ring, 11.4-cm (4.5-in) in diameter, and was set in a machined 
groove in the housing to provide a seal. A 1.3-cm (0.5-in) diameter axle was installed 
into the lid for the impeller to spin on. The axle also used a Viton® O-ring to seal into 
the lid. A 1.3-cm (0.5-in) virgin Teflon® ball was machined to a diameter of 1.23-cm 
(0.485-in) and pinned to the end of the axle to provide a low friction bearing surface 
for the impeller cone to run on. At the bottom of the axle recess in the impeller cone, 
an alien head screw was machined with a concave cupped head to match the radius 
of the ball on the axle. This increased contact surface area and reduced wear. In 
addition, the threads of the screw allowed adjustment of the clearance between the 
lid and the base of the cone. 
The length of the impeller cone cavity in the manifold housing was set at 12.7-
cm (5.0-in) due to machining limitations. All machine work was done by Bill Cady 
(Cady Machine Company, Colo IA) between March and June 2001. To allow 
sufficient area for the O-ring seal with the lid and the 13 lid sealing screws, the 
width of the cavity was limited to 9.91-cm (3.90-in). With an inlet diameter of 1.88-
cm (0.74-in), the slope of the manifold housing cavity face was calculated as 17.5 
degrees . Figure 9 shows the manifold housing and impeller cone raw material. 
Three impeller cone designs were fabricated for testing. The first two 
machined from the raw stock material, and the third a modification of the first 
design. Impellicone #1 used a tapering cone with a 20.5 degree taper with a single 
3.2-mm (0.125-in) square groove completing 3.25 revolutions before reaching the 
base of the cone. The taper between the housing and the cone retains a constant 
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a) housing with cavity b) housing with outlets and lid installed c) Teflon* stock for impeller 
Figure 9. Impellicone prototype materials 
cross-sectional area as the material moves up the cone. Impellicone #2 used the same 
taper as the housing, 17.5 degrees, with three 9.53-mm (0.375-in) square grooves that 
make 1.25 revolutions each. In addition, #2 had a 6.4-mm (0.25-in) square groove cut 
into the impeller at the elevation of the outlets. Impellicone #3 was the same as 
Impellicone #1 with the original groove cut out to 9.53-mm (0.375-in) square. The 
increased groove of #3 was tried after initial tests in the spring of 2001 show that 
impeller #1 was not turning while NHb was flowing through the manifold. Figure 10 
shows two of the impeller cone designs tested. 
The base width of each cone was cut to 9.779-cm (3.850-in), resulting in a 
clearance of 0.191-cm (0.075-in) between the cone and housing and this clearance 
allowed the cone to move vertically on the axle. The cone was not fixed to the axle, 
rather it was allowed to float up due to the force of the incoming NHs. When the 
incoming material stream forced the cone to raise off the housing, theNHs moving 
through the rifled grooves should cause the impeller to spin The NHs would move 
up through the grooves and be distributed to the outlets near the base of the 
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Figure 10. Impellicone cone designs 
impeller. 
To determine if the impeller was spinning and if so, how fast, a magnetic 
pulse tachometer was installed in the lid of the manifold housing. An A103-003 
Tachometer (Dynapar brand, Danaher Controls, Gurnee, IL) was coupled to a 
103SR13A Hall Effect Position Sensor (Honeywell, Freeport, IL). The sealed sensor, 
designed for harsh conditions, was installed in the lid of the manifold and four bi­
polar magnets were installed into the top of each of the impeller cones. The 
tachometer logged pulses per second, and with 4 magnets on the cone, resolution 
was 15 revolutions per minute (rpm), and sensor output capability allowed outputs 
of up to 450 rpm. 
Design plans 
Plans were drawn for manufacturing and modified as necessary due to 
machining limitations. Figure 11 shows the manifold housing. The four threaded 
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holes on the bottom of the housing were used for mounting the manifold to the 
applicator. 
Figure 12 shows the plan of the axle assembly. The bearing end of the axle 
was cut with a concave radius to match the bearing ball. In addition, the ball was 
attached only with the friction fit between the pin and the ball. This allowed for 
replacement of the bearing ball. 
Figure 13 shows the plan of the manifold housing lid. A recessed lip was 
machined into the edge where the tapered cavity in the housing met the top face of 
the housing. To match this lip and create a tight self-aligning fit, 0.178-cm (0.070-in) 
thickness was removed from the face of the lid to match the housing. The hole for 
the hall effect sensor was drilled through the lid and threads to match the sensor 
were tapped into the lid. The threads of the hall effect sensor were sealed with 
Loctite™ thread sealer to prevent NHs leakage. 
Figure 14 shows a plan of the cone for Impellicone #2. The four holes in the 
top face are locations for the hall effect sensor magnets. The machined channel 
around the outside of the axle recess in the cone was added to reduce the weight of 
the impeller cone after the initial testing phase. 
Figure 15 shows the complete Impellicone assembly excluding the hall effect 
sensor, mounting bolts, and Acme fitting. 
Figure 11. Plan of Impellicone manifold housing 
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Figure 12. Plan of Impellicone manifold axle 
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Figure 13. Plan of Impellicone manifold lid 
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Prototype testing 
Upon the completion of a prototype, it was to be tested side by side with the 
other manifolds in the April 2001 and subsequent experiments. Initial prototype 
machining was completed in time for testing in the April 2001 experiment. 
Impellicone versions #1 and #2 were tested. The tests were completed, but without 
confirmation from the tachometer that either of the impeller cones was spinning. 
Because of this, manifold performance was poor and inclusion of the results from 
the Impellicone in the statistical analysis would have shifted the statistical results 
significantly, possibly altering the range of significance for the other manifolds in 
the experiment. The test results for the Impellicone were not used in the April 2001 
analysis and an effort was made during the summer of 2001 to remedy problems in 
preparation for the November 2001 experiment. 
A clearance problem between the cone and the manifold housing seemed to 
prevent the impeller cone from spinning freely in Impellicone #2. The removal of 
approximately 0.127-cm (0.050-in) of material from the diameter of the impeller at 
and around the area of contact resolved the problem. A set of field tests was run in 
August of 2001 to verify that the impeller was spinning during application and was 
performing as designed. The August tests confirmed that Impellicone #2 was 
operating properly with the impeller cone spinning during application. The test did 
not record any rotation with Impellicone #1, and at that time the single groove was 
machined to increase the size of the groove and was then renamed Impellicone #3. 
Both #2 and #3 were tested in the November 2001 experiment. 
Figure 15. Plan of Impellicone manifold, showing assembly configuration 
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Results of the November 2001 experiment were positive for Impellicone #2, but 
Impellicone #3 did not register any indications of rotation during the experiment. 
For the April 2002 experiment, the Impellicone #2 was selected as the best design 
option and only that version of the Impellicone manifold was used in the 
experiment. Figures 16 through 18 show the completed Impellicone manifold as it 
was tested. 
Figure 16. Impellicone manifold housing showing outlet ports (left) and with impeller cone #2 
installed (right) 
Figure 17. Axle assembly and lid. Hall effect sensor face seen to the right of the axle in manifold lid 
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Figure 18. Completed Impellicone before testing 
Data analysis 
Four measures of variability among outlet distribution were computed from 
the weight of NHs data collected. The average outlet difference was the average 
absolute difference in kg (lb) NHs of all outlets from the mean outlet output for a 
particular test plot. The average %age outlet difference was the average of absolute 
outlet difference from the mean outlet output expressed as a percentage of the mean 
outlet output. This percentage measure was used to indicate the average percentage 
each outlet varied from the mean application rate and to normalize variability based 
on the NH? collected during each plot run. High/low ratio was the ratio of the NHa 
weight from the outlet with the greatest output divided by the output from the 
outlet with the least output for a given treatment. Coefficient of variation (CV) 
among the outlets was also included. CV was calculated as: 
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CV = (Std. dev./mean)*100% 
And is a common indicator of variation of application across agricultural 
applicators. 
Figure 19 shows the complete testing apparatus that was used with all the 
manifolds beginning with the November 2000 experiment. Note the box on the right 
with the datalogging equipment, sensors on inlet and outlet flow of the regulator, 
and the frost covering the Impellicone manifold during and for a short time after 
application. 
Figure 19. Complete testing apparatus 
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RESULTS AND DISCUSSION 
The seven experiments conducted resulted in data sets being compiled that 
included a wide range of field conditions and distribution data for 16 manifold 
configurations and types. During the latter four experiments, temperature and 
pressure data at points along the NHa flow path were recorded. 
August 1999 
Table 1 lists the tank and manifold pressures for all manifolds in the 
experiment as well as the average measured application rate, and statistical analysis 
of the experimental results. As noted in the methods description, the application rate 
appears low for the Cold-flo® due to the measurement of NHs in the liquid phase 
only. Each of the other manifolds were moderately close to the goals of 84 and 168 
kg N/ha (75 and 150 lb N/ac). Errors measured in the application rates were 
attributed to regulator settings in the field. 
The highest pressures at the manifold were observed with the Vertical-Dam 
manifolds. The Vertical-Dam manifold with the small housing (SH) was tested at 
both application rates. The manufacturer (Continental NH$ Products, Dallas, TX) did 
not design, nor does it recommend the use of the small housing manifold for 
application rates approaching the 168 kg N/ha (150 lb N/ac) rate. This application 
was attempted to maintain as much pressure as possible at the manifold and keep 
the amount of NHa in the liquid phase high. According to Continental NHs, pressure 
at the manifold in excess of 65% of the tank pressure may overly restrict and meter 
flow through the orifice at the manifold. This was observed in the August 1999 
Table 1. Tank and manifold pressure, application rate, and distribution variation during treatments with various manifolds 
(August 1999).* 
Treatment Tank 
pressure1» 
Manifold 
pressure1* 
N application 
ratec 
Avg. outlet 
difference, NH.v' 
Avg. % outlet 
difference1' 
High/low 
ratio' 
Coefficient of 
variation, % 
kPa (psi) kPa (psi) kg/ha (Ib/ac) kg (lb) 
84 kg N/ha (75 lb N/ac) 
Conventional 1061 (154) 165(24) 82 (73) 0.053 (0.116)»!, 12.4rt 1.66(i 16.1(i 
Vertical Dam (SH) 978 (142) 441 (64) 74 (66) 0.041 (0.091 )a 10.9(i 1.47(i 13.4(i 
Cold-flo® 999 (145) 14(2) 63 (56)k 0.064 (0.141)1, 19.9b 5.18b 27.1b 
168 kg N/ha (150 N Ib/ac) 
Conventional 1082(157) 345 (50) 173(154) 0.038 (0.083)/, 8.2(i 1.39(i 10.4(i 
Vertical Dam (Cotton) 971 (141) 496 (72) 182 (162) 0.032 (0.071)1, 7.5(1 1.51(1 9.7(i 
Vertical-Dam (SH) 971 (141) 723 (105) 147 (131) 0.017(0.037)» 4.2(1 1.21a 5.7(i 
Cold-flo® 992 (144) 21 (3) 116 (103)K 0.049 (0.107)b 15.8b 17.59b 22.1b 
•Values in cach column within each rate followed by a different italic letter are significant at the a - 0.05 level 
bGage pressure 
'Application rate as measured into collection buckets 
'Average kg (lb) NHj difference of an outlet from mean of outlets 
'Average difference of outlet from mean of outlets expressed as a percentage of mean 
'High/low ratio - maximum single outlet weight/minimum single outlet weight 
«Measured liquid (without vapor) application rate only for Cold-flo® 
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experiment, because at the same regulator setting as the other manifolds tested at 
the 168 kg N/ha (150 lb N/ac)application rate, the Vertical-Dam (SH) resulted in an 
application rate nearly 20% lower than the conventional and Vertical-Dam (cotton) 
manifolds. The com ring commonly used on the large housing Vertical-Dam 
manifold was replaced with the cotton ring with smaller orifices in an attempt, as 
with the small housing Vertical-Dam, to increase back pressure and increase the 
percentage of NH$ in the liquid phase at the manifold. 
The summary of the four variables used to evaluate the distribution of 
manifolds during the experiment provided the best indication of the performance of 
each manifold tested. In each of the tests the Cold-flo® manifold had the widest 
range of values, with coefficient of variation (CV) values in excess of 20%. Because of 
the high variability of flow to the outlet ports and the inability to give a fair 
representation of application rates, the Cold-flo® was excluded from later tests. 
Comparing the two different outlet treatments (7- and 11-outlets), no 
differences in distribution variability were measured when comparing the two 
outlet configurations. Statistical analysis of the treatments for number of outlets 
yielded a significant difference at a=0.10 in only one of eight instances (absolute 
difference in ammonia weight for the Vertical-Dam (Cotton) at the 168 kg N/ha (150 
lb N/ac) application rate). These results supported the decision to run future 
experiments at 11 knives only. The values reported in Table 1 are the average of 7-
and 11-outlet measurements. 
Statistical analysis separated the manifolds used in the August 1999 
experiment into two groups. At the lower application rate, the Cold-flo® manifold 
had a significantly higher CV than the conventional and Vertical-Dam (SH) 
manifolds. The Cold-flo® also had a higher average outlet difference than the 
Vertical-Dam manifold. Increasing the application rate yielded similar results with 
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CV, high/low ratio, % outlet difference, and average outlet difference. The Cold-flo® 
manifold again had a higher CV than all other manifolds tested. At the 168 kg N/ha 
(150 lb N/ac) application rate, the Vertical Dam (SH) had a lower average outlet 
difference than all other manifolds. This lower difference may be attributed to the 
high manifold pressure or the slightly reduced application rate. The average 
pressure during the runs was 75% of the tank pressure. This value exceeds the 
maximum recommended 65% of tank pressure listed by the manufacturer. 
Exceeding the pressure ratio guideline may have limited application rate due 
to the inability of the manifold orifices to allow sufficient flow of NHa. This metered 
flow could have resulted in the measured application rate of 147 kg N/ha (131 lb 
N/ac) when a goal of 168 kg N/ha (150 lb N/ac) was set; both the conventional and 
the Vertical-Dam (cotton) exceeded the application goal. 
It should be noted that the primary goal of this research was to evaluate 
variation in distribution from the various manifolds. Application rate goals were set 
only to try to match common application practices in Iowa. While some treatments 
did not meet these goals exactly, slight variations from the application goals should 
have minimal effect on manifold variation evaluation. 
The Vertical-Dam (SH) gave the overall best performance during the August 
1999 experiment, but at the expense of under application at the 168 kg N/ha (150 lb 
N/ac) application rate due to possible metered flow at the outlet orifices. 
November 1999 
The November 1999 experiment compared various conventional manifold 
configurations with the Vertical-Dam and Rotaflow™ manifolds. For November 
1999, all treatments used 11 outlet ports on each manifold. Table 2 shows the data 
analysis summary and statistical results for the November 1999 experiment. 
Table 2. Tank and manifold pressure, application rate, and distribution variation during treatments with various manifolds 
(November 1999).' 
Treatment Tank 
pressure1* 
Manifold 
pressure1* 
N application 
ratef 
Avg. outlet 
difference, NH jJ 
Avg. % outlet 
difference1-
High/low 
ratio' 
Coefficient of 
variation, % 
kPa (psi) kPa (psi) kg/ha (Ib/ac) kg (lb) 
84 kg N/ha (75 lb N/ac) 
Conv. elbow-entry 572 (83) 138 (20) 89 (79) 0.096 (0.212)c 21.1c 2.57c 29.6 d 
Conv. mixer-entry 489(71) 145 (21) 101 (90) 0.102 (0.225)c 19.6c 2.19fr 24.7c 
Conv. straight-entry 482 (70) 138 (20) 103 (92) 0.052 (0.114)b 9.7b 1.42m 11.8b 
Rotaflow™ 448 (65) 131 (19) 106 (94) 0.021 (0.046)ii 3.8 a 1.18n 4.9 a 
Vertical Dam (SH) 517(75) 407 (59) 98 (87) 0.022 (0.048)<i 4.3 a 1.20a 5.7(i 
Conv. uneven plugs 606 (88) 138 (20) 90 (80) 0.102 (0.225)c 22.1c 2.25b 28.5 d 
168 kg N/ha (150 lb N/ac) 
Conv. elbow-entry 558 (81) 241 (35) 162(144) 0.062 (0.137)c 14.3 d 1.75b 17.6c 
Conv. mixer-entry 482 (70) 241 (35) 184 (164) 0.059 (0.129)c 11,9cd 1.61b 14.8bc 
Conv. straight-entry 537 (78) 234 (34) 163(145) 0.053 (0.116)c 11.2 cd 1.70b 15.6bc 
Rotaflow™ 448 (65) 241 (35) 177(158) 0.013 (0.028)<i 4.1(1 1.23(1 5.7rt 
Vertical Dam (Cotton) 613 (89) 393 (57) 168 (150) 0.037 (0.082)b 9.76c 1.47ab 11.7b 
Vertical Dam (SH) 586 (85) 510 (74) 118(105) 0.020 (0.044)<i 6.4 ab 1.32a 8.3 (ib 
Conv. uneven plugs 467 (68) 255 (37) 191 (170) 0.059 (0.130)c 11.5 cd 1.59b 14.1bc 
•Values in each column within each rate followed by a different italic letter are significant at the a - 0.05 level 
••Gage Pressure 
'Application rate as measured into collection buckets 
"•Average kg (lb) NHi difference of an outlet from mean of outlets 
'Average difference of outlet from mean of outlets expressed as a percentage of mean 
•High/low ratio » maximum outlet weight/minimum outlet weight 
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Tank pressures and subsequent manifold pressures were much lower than 
those of the August 1999 experiment, due to lower air temperatures and overcast 
skies, keeping the NHa temperature lower. The air temperature was approximately 
13° C (55° F) for the November experiment as compared with temperatures about 
27° C (80° F) for the August experiment. 
Measured application rates were consistently higher than the 84 kg N/ha (75 
lb N/ac) application rate goal. This consistent over-application indicates the 
regulator setting for the desired application rate was slightly high. The regulator 
settings were closer to the intended rate for the 168 kg N/ha (150 lb N/ac) rate. The 
lower measured application rate for the Vertical-Dam (SH) at the 168 kg N/ha rate 
was similar to the effect seen in the August 1999 experiment. For the November 
experiment, the ratio of manifold pressure to tank pressure was 87%, considerably 
higher than the recommended 65%, and higher than the 75% ratio in the August 
1999 experiment. The Vertical Dam (SH) used at the 84 kg N/ha (75 lb N/ac) rate fell 
within the application range of the manifolds tested. The pressure ratio was 79%, 
still well above the recommended ratio. This result may show that the pressure ratio 
is more significant at higher initial tank pressures and higher flow rates through the 
manifold. 
The range of variability between manifolds was high at both application 
rates. The conventional manifold treatments had the greatest variability at each rate. 
At the 84 kg N/ha (75 lb N/ac) rate, the elbow-entry and uneven plugs had the 
greatest variability with the mixer-entry only slightly less. The straight-entry had 
less variability than the mixer-entry, indicating that any increased cross-sectional 
distribution with the mixer-entry may have been offset by increased pressure loss 
and NH? vaporization due to flow friction. 
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At the lower application rate, the Vertical-Dam (SH) and the Rotaflow™ 
manifolds performed similarly statistically, both having lower variability in each 
category than the other manifolds in the test. Similar trends were seen at the 168 kg 
N/ha (150 lb N/ac) application rate. The CV dropped by approximately 10 
percentage points for most conventional manifold treatments. This trend, also seen 
in the first experiment suggests that with increased application rate and the 
resultant higher flow rate of NHa through the manifold, variation among outlets 
may be reduced. 
At the higher application rate, variability among some of the treatments was 
diminished. The range of values between manifolds was smaller than at the lower 
application rate. The mixer-entry manifold performed better at the higher rate, 
grouping it with Vertical-Dam (SH and Cotton) and the straight-entry manifold for 
CV. Variability for the Rotaflow™ and Vertical-Dam (SH) were similar and both 
lower than the Vertical-Dam (Cotton). 
Due to the inability to reach the application goal at the high rate with the 
Vertical-Dam (SH), it was excluded in later experiments from testing at that 
application rate. 
March 2000 
Results of the March 2000 experiment provided a third set of data for the 
elbow-entry conventional manifold. Based on these three experiments and the 
observation that this is one of the most widely used manifold configurations, this 
manifold was selected as the "control" manifold, and used in all subsequent tests. 
Good performance was again observed with the Rotaflow™ and Vertical-Dam (SH) 
manifold. Table 3 lists the summarized results for the March 2000 experiment. 
Table 3. Tank and manifold pressure, application rate, and distribution variation during treatments with various manifolds 
(March 2000).' 
Treatment Tank Manifold N application Avg. outlet Avg. % outlet High/low Coefficient of 
pressureb pressure11 ratec difference, NH.id difference*' ratio' variation, % 
kPa (psi) kPa (psi) kg/ha (Ib/ac) kg (lb) 
84 kg N/ha (75 lb N/ac) 
Side Entry 400 (58) 117(17) 106 (94) 0.395 (0.869)c 66.0c 7.341, 74.5c 
Tee Entry 407 (59) 110(16) 107 (95) 0.392 (0.862)c 70.8c 8.64b 80.5c 
Conventional 317(46) 145 (21) 116(103) 0.095 (0.210)b 16.3 b 1.99a 22.3b 
Vertical Dam (SH) 345 (50) 282 (41) 94 (84) 0.025 (0.054)» 5.1 a 1.20n 6.0(1 
FD-1200 400 (58) 158 (23) 108 (96) 0.071 (0.156)/» 12.4/, 1.96(i 19.1b 
Rotaflow™ 420 (61) 138 (20) 104 (93) 0.028 (0.061)a 5.2fl 1.24n 6.7 a 
168 kg N/ha (150 lb N/ac) 
Side Entry 386 (56) 200 (29) 199(177) 0.312 (0.686)d 58.4f 7.05b 65.7c 
Tee Entry 413 (60) 220 (32) 203 (181) 0.276 (0.608)c 50.5c 5.70b 59.2c 
Conventional 551 (80) 282 (41) 191 (170) 0.068 (0.149)b 13.2ai 1.66(i 16.0c 
Vertical Dam (Corn) 441 (64) 262 (38) 179(159) 0.085 (0.188)6 16.0d 2.74(1 27.5d 
Vertical Dam (Cotton) 351 (51) 262 (38) 158(141) 0.041 (0.090)n 9.8 be 2.55(1 15.0bc 
FD-1200 400 (58) 248 (36) 174 (155) 0.025 (0.056)a 5.5 ab 1.24(i 6.7ab 
Rotaflow™ 420(61) 248 (36) 197 (175) 0.022 (0.048)4 4.2 a 1.21(i 5.4(1 
•Values in each column within each rate followed by a different italic letter arc significant at the a - 0.05 level 
•"Gage pressure 
'Application rate as measured into collection buckets 
'Average lbs NHi difference of an outlet from mean of outlets 
•Average difference of outlet from mean of outlets expressed as a percentage of mean 
'High/low ratio « maximum outlet weight/minimum outlet weight 
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The Vertical-Dam (Cotton) had significantly lower values than the Vertical-
Dam (Corn) in all statistical comparisons except the high/low ratio. The Vertical-
Dam (Cotton), with its smaller orifices may meter flow with rates at or above the 168 
kg N/ha (150 lb N/ac) rate similar to the Vertical-Dam (SH) at the 168 kg N/ha (150 lb 
N/ac) rate, as seen in earlier experiments. Traditional application rates for NHs on 
cotton do not often exceed 112 kg N/ha (100 lb N/ac). The com ring did produce a 
higher application rate, but with higher tank pressure. For the Vertical Dam 
manifolds, as listed before, 65% of the tank pressure at the manifold is the 
recommended pressure for maximum flow. The com ring was below this critical 
value, with an average of 59% during the experiment. The cotton ring was above this 
range, at 75% of tank pressure at the manifold. As noted in the November 1999 
experiment, exceeding the 65% pressure ratio may meter flow through the manifold. 
The FD-1200 prototype had low variation at the high application rate but 
moderate variation at the low application rate. It was statistically no different than 
the Rotaflow™ at the high rate, but was grouped with the conventional manifold at 
the low rate. 
The average application rate for each of the outlets on each commercial 
manifold for the 168 kg N/ha (150 lb N/ac) is shown in Figure 20. This graph 
provides an easy way to visualize the difference in application rates across the 
applicator. 
Two simple linear manifold prototypes were also evaluated for distribution. 
Application with the Side Entry and Tee Entry manifolds resulted in an application 
rate applied to the field that were somewhat higher than the 168 kg N/ha (150 lb 
N/ac) goal, but the variation between outlets was very high. Liquid flow moved to 
the farthest outlet away from the inlet point. The ratio of the farthest outlet away 
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Figure 20. Distribution of commercial manifolds for the March 2000 experiment 
from the entry point to the outlet closest to the entry point on both manifolds 
yielded high/low ratios that exceeded 5.7, the equivalent of application rates 
between 60 and 350 kg N/ha (54 to 313 lb N/ac). The fact that the majority of the NHa 
moved to the farthest outlets from the inlet indicated that length of flow travel could 
have a significant effect on application distribution. Figure 21 summarizes the 
variation across the toolbar for the linear manifolds used in the March 2000 
experiment. 
The comparison between the radial manifolds in figure 20 and the linear 
manifolds in figure 21 indicated that distribution variation was less with all radial 
manifolds. The flow of NFL into the linear manifolds may have allowed the vapor to 
exit at the first outlet encountered by the flow, and the velocity of the liquid flow 
moved it to the farthest outlets from the inlet. Based on the results of the March 2000 
experiment, testing of linear manifolds was ceased and all design and testing efforts 
directed towards radial manifolds. 
61 
400 
350 
300 
1250 
S 
g 200 
150 
100 
50 
0 
I 
| • Side Entry Lineer Manifold C.V. * 65.7% 
I » Tee Entry Linear Manifold C.V. • 59.2% 
ZI 
• • 
Application Goal 
5 6 7 
Manifold outlet # 
10 11 
Figure 21. Distribution of linear manifolds for the March 2000 experiment 
November 2000 
The statistical ranking of manifolds changed only slightly during the 
November 2000 experiment. Both the cotton and corn ring Vertical-Dam manifolds 
performed better than in March 2000 with similar manifold pressures and slightly 
lower application rates. The FD-1200 prototype did not perform as well, nor did the 
Rotaflow" at the high flow rate. Table 4 summarizes the November 2000 application 
data. In general, actual application rates were slightly under the application rate 
goals at the high rate, possibly due to the first time use of a new flow regulator. 
These first four experiments indicated that in general, an increase in 
application rate, which was affected by an increase in flow rate with a resulting 
increase in manifold pressure, lowered the distribution values in each statistical 
analysis group. This was most noticeably observed in the reduction of CV at the 
high application rate. The Rotaflow™ did not follow this trend in two of the three 
experiments, but the variation from low rate to high rate never exceeded +3.2%. 
Table 4. Tank and manifold pressure, application rate, and distribution variation during treatments with various manifolds 
(November 2000).* 
Treatment Tank Manifold N application Avg. outlet Avg. % outlet High/low Coefficient of 
pressure1" pressure11 rate' difference, NHr* difference1' ratio' variation, % 
kPa (psi) kPa (psi) kg/ha (Ib/ac) kg (lb) 
84 kg N/ha (75 lb N/ac) 
Vertical Dam (SH) 358 (52) 200 (29) 81 (71) 0.020 (0.044)n 4.9a 1.19(1 5.9 a 
Conventional 400 (58) 117(17) 91 (81) 0.079 (0.173)6 14.66 2.17c 22.86 
FD-1200 351 (51) 145 (21) 85 (76) 0.061 (0.134)6 14.56 1.816 19.06 
Rotaflow™ 338 (49) 110(16) 93 (83) 0.019 (0.042)» 4.0 a 1.17» 5.0a 
168 kg N/ha (150 lb N/ac) 
Vertical Dam (Cotton) 386 (56) 227 (33) 148 (132) 0.016 (0.036)rt 4.1 a 1.12a 5.4a 
Vertical Dam (Corn) 386(56) 179 (26) 147 (131) 0.033 (0.073)6 8.4d6 1.37nb 10.3(ib 
Conventional 400 (58) 193 (28) 157(140) 0.060 (0.113)c 12.06 1.71c 17.0c 
FD-1200 351 (51) 200 (29) 143 (127) 0.040 (0.089)6r 10.56 1.526c 13.86c 
Rotaflow™ 331 (48) 152(22) 133 (118) 0.021 (0.046)n 6.0(1 1.36nb 8.2a6 
•Values in each column within each rate followed by a different ilalic letter are significant at the a - 0.05 level 
•"Gage Pressure 
'Application rate as measured into collection buckets 
'Average kg (lb) NHi difference of an outlet from mean of outlets 
'Average difference of outlet from mean of outlets expressed as a percentage of mean 
•High/low ratio - maximum outlet weight/minimum outlet weight 
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April 2001 
After three experiments of consistent distribution performance from the 
Rotaflow™ it was removed from subsequent experiments as it was anticipated that 
future observation would not alter conclusions. The Equa-flow™ manifold (PGI Intl., 
Houston, TX) was added for the April 2001 experiment and the Vertical-Dam (SH 
and Cotton), FD-1200 prototype, and the conventional manifolds were retained. 
The initial version of the Impellicone was tested during the April 2001 
experiment, but failed to operate as designed. The manifold tachometer did not 
register any rotation of the impeller. The lack of rotation resulted in very poor 
distribution, and the results for the Impellicone were omitted in the statistical 
analysis. Additional development was done during the summer of 2001 to prepare 
the Impellicone for the November 2001 experiment. 
Results for the Vertical-Dam, conventional, and FD-1200 prototype manifolds 
were consistent with earlier experiments, as seen in table 5. The Equa-flow™ 
manifold had an average CV across both application rates of 6.0%. The Equa-flow™ 
manifold manufacturer directed that the internal cavity of the manifold be adjusted 
to achieve 60 to 75% of the tank pressure at the manifold. This was done by turning 
a threaded post on the bottom of the manifold and then measuring manifold 
pressure from a dial pressure gage. Pressures for the manifold were 69% of tank 
pressure for the low application rate, and 68% of tank pressure for the high 
application rate. 
November 2001 
A third experiment for the FD-1200 prototype manifold produced similar 
results to earlier experiments (Table 6). Distribution variation increased at both 
Table 5. Tank and manifold pressure, application rate, and distribution variation during treatments with various manifolds 
(April 2001).' 
Treatment Tank 
pressure*1 
Manifold 
pressure1* 
N application 
ratec 
Avg. outlet 
difference, NHi11 
Avg. % outlet 
difference1' 
High/low 
ratio' 
Coefficient of 
variation, % 
kPa (psi) kPa (psi) kg/ha (Ib/ac) kg (lb) 
84 kg N/ha (75 lb N/ac) 
Vertical Dam (SH) 730 (106) 338 (49) 85 (76) 0.041 (0.091 )6 9.56 1.546 12.6c 
Conventional 827(120) 145(21) 77 (69) 0.080 (0.176)c 20.1c 2.26c 25.9 d 
FD-1200 661 (96) 172(25) 91 (81) 0.039 (0.086)6 8.36 1.14» 9.86 
Equa-Flow™ 675 (98) 469 (68) 92 (82) 0.020 (0.045)» 4.3» 1.26» 6.1» 
168 kg N/ha (150 lb N/ac) 
Vertical Dam (Cotton) 689 (100) 400 (58) 171 (152) 0.038 (0.084)6 8.36 1.38» 10.56 
Conventional 834(121) 331 (48) 170(151) 0.059 (0.130)c 13.0c 1.956 19.1c 
FD-1200 675 (98) 331 (48) 177 (158) 0.033 (0.072)6 6.96 1.44» 9.96 
Equa-Flow™ 675 (98) 462 (67) 177(158) 0.019(0.041)» 3.9» 1.22» 5.8 » 
•Values in each column within each rate followed by a different italic letter are significant at the a - 0.05 level 
''Gage Pressure 
'Application rate as measured into collection buckets 
••Average kg (lb) NHi difference of an outlet from mean of outlets 
'Average difference of outlet from mean of outlets expressed as a percentage of mean 
High/low ratio - maximum outlet weight/minimum outlet weight 
Table 6. Tank and manifold pressure, application rate, and distribution variation during treatments with various manifolds 
(November 2001)/ 
Treatment Tank Manifold N application Avg. outlet Avg. % outlet High/low Coefficient of 
pressure11 pressure1* ratec difference, NHid difference" ratio1 variation, % 
kPa (psi) kPa (psi) kg/ha (Ib/ac) kg (lb) 
84 kg N/ha (75 lb N/ac) 
Vertical Dam (SH) 758(110) 345 (50) 99 (88) 0.032 (0.071)m 6.446 1.334 8.546 
Conventional 744 (108) 172 (25) 101 (90) 0.070 (0.153)c 13.3c 1.91c Î8.9J 
FD-1200 758(110) 193 (28) 99 (88) 0.047 (0.103)6 9.26 1.486 12.1c 
Equa-Flow™ 758 (110) 131 (19) 69(61) 0.028 (0.062)4 7.96 1.446 10.66c 
Impellicone 2 688 (97) 172 (25) 102 (91) 0.024 (0.053)4 4.64 1.184 5.5a 
Impellicone 3 688 (97) 179(26) 100 (89) 0.035 (0.077)46 6.74 1.334 8.646 
168 kg N/ha (150 lb N/ac) 
Vertical Dam (Cotton) 688 (97) 338 (49) 192 (171) 0.020 (0.044)4 3.94 1.204 5.34 
Conventional 723 (105) 282 (41) 169(151) 0.051 (0.112)6 11.2c 1.96c 17.2c 
FD-1200 758(110) 331 (48) 185(165) 0.030 (0.067)4 6.1 <76 126a 7.546 
Equa-Flow™ 758 (110) 276 (40) 143(127) 0.030 (0.065)4 7.7b 1.304 9.16 
Impellicone 2 688 (97) 269 (39) 180(160) 0.021 (0.046)4 4.34 1.274 6.246 
Impellicone 3 655 (95) 324 (47) 198 (176) 0.090 (0.198)c Î5.9J 1.746 19.0c 
•Values in cach column wilhin cach rate followed by a different italic letter are significant at the a - 0.05 level 
•"Gage Pressure 
'Application rate as measured into collection buckets 
••Average kg (lb) NHi difference of an outlet from mean of outlets 
•Average difference of outlet from mean of outlets expressed as a percentage of mean 
•High/low ratio - maximum outlet weight/minimum outlet weight 
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application rates for the Equa-flow™ manifold. Due to a calibration error, the Equa-
flow™ was tested with a manifold to tank pressure ratio of 17% for the lower 
application rate, and 36% for the higher rate. With the pressure ratio well below the 
recommended level, the Equa-flow™ placed in the second statistical grouping. 
An attempt was made during this experiment to get the pressure ratio with 
the Equa-flow™ as close to the manufacturers recommendation as possible. Gage 
error and fluctuations in pressure when moving through the field as compared to a 
static test to check the pressure may have been responsible for pressure ratios below 
the specified range. 
Testing of the Impellicone resumed after modifications during the summer of 
2001 confirmed that the impeller was spinning in the manifold housing. Two 
impellers styles were tested. 
The results of testing of Impellicone 2 placed it in the top statistical category 
at both application rates (Table 6). The tachometer measured fairly constant rotation 
of the impeller. 
Impellicone 3 operated well at the lower application rate but was the worst 
performer of all the manifolds tested at the higher application rate. The tachometer 
measured occasional pulses of rotation within the manifold but did not indicate 
constant rotation of the impeller. 
April 2002 
The experiment in April 2002 was conducted in cold air temperatures. Air 
temperature ranged from -2 to 4° C (28 to 39° F) during the experiment. The April 
2002 experiment generally had the lowest values of distribution variation, as seen in 
table 7. The Vertical-Dam and conventional manifolds produced some of the lowest 
Table 7. Tank and manifold pressure, application rate, and distribution variation during treatments with various manifolds 
(April 2002).' 
Treatment Tank Manifold N application Avg. outlet Avg. % outlet High/low Coefficient of 
pressure1" pressure1" rate' difference, NH3J difference*' ratio1 variation, % 
kPa (psi) kPa (psi) kg/ha (Ib/ac) kg (lb) 
84 kg N/ha (75 lb N/ac) 
Vertical Dam (SH) 282 (41) 234 (34) 91 (81) 0.029 (0.063)!, 6.2b 1.37c 5.7ab 
Conventional 269 (39) 124(18) 99 (88) 0.060 (0.133)c 11.8c 1.96c 18.7c 
A-6600 269 (39) 179(26) 99 (88) 0.078 (0.171)d 15.3<f 1.56d 17.4c 
Equa-Flow™ 317(46) 138(20) 98 (87) 0.016 (0.035)» 3.2fl 1.14n 4.0(1 
Impellicone 2 338 (49) 138 (20) 97 (86) 0.029 (0.064)6 5.8 b 1.26 b 7.3b 
168 kg N/ha (150 lb N/ac) 
Vertical Dam (Cotton) 282 (41) 241 (35) 159(142) 0.012(0.027)»6 2.8 a 1.14 ab 4.0 ab 
Vertical Dam (Corn) 303 (44) 220 (32) 168 (150) 0.030 (0.065)c 6.6 c 1.2 7c 7.9c 
Conventional 269 (39) 186 (27) 163(145) 0.050 (0.110)c 11.5c 1.91 d 16.2c 
A-6600 276 (40) 241 (35) 163(145) 0.040 (0.088)rf 8,7d 1.33c 10 Id 
Equa-Flow™ 317(46) 207 (30) 157(140) 0.011 (0.024)» 2.5 a 1.12 a 3.2 a 
Impellicone 2 324 (47) 207 (30) 157(140) 0.020 (0.043)!, 4.76 1.24 be 6.2b c 
"Values in each column within each rate followed by a different italic letter are significant at the a - 0.05 level 
"Cage Pressure 
'Application rate as measured into collection buckets 
'Average kg (lb) NHj difference of an outlet from mean of outlets 
•Average difference of outlet from mean of outlets expressed as a percentage of mean 
'High/low ratio = maximum outlet weight/minimum outlet weight 
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values recorded throughout the experiments. The Equa-flow™, while only tested 
with manifold pressure 43% of tank pressure at the lower application rate, produced 
a relatively low CV of 4.0%. At the high application rate and 65% of tank pressure, 
the manifold had a CV of 3.2%; the lowest value recorded in all experiments. 
After the poor distribution recorded with Impellicone 3 during the 
November 2001 experiment, that impeller was dropped for the April 2002 
experiment and only Impellicone 2 was tested. It was decided to use the best 
performing impeller and test only that one with the other manifolds in the 
experiment. The Impellicone manifold produced a slightly higher CV for the lower 
application rate and the identical CV at the higher application rate as it had in the 
November 2001 experiment. 
The A-6600 manifold was included for this final experiment to investigate the 
possibility that varying the outlet orifice size at the manifold could affect 
distribution. Orifice settings were selected using manufacturer (CDS John Blue Co.) 
recommendations. Performance was similar to the conventional at the lower 
application rate and between the conventional and the group including all other 
manifolds at the higher application rate. 
Overall manifold performance 
The results of the March 2000 experiment showed that manifolds with radial 
outlets outperformed linear manifolds. This may be attributed to the length of flow 
path and/or the velocity of NHs in the liquid phase within the manifold. Outlets on 
each of the radial outlet manifolds had the same flow length to each outlet. The 
linear manifolds had varying lengths of flow to each outlet and results indicated 
liquid NHa flowed to the farthest outlet and then partially filled the manifold cavity 
up from the farthest outlet. 
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Variations of the standard conventional manifold with an elbow for incoming 
flow mounted adjacent to the manifold housing resulted in slight reduction of 
distribution variation. The reduction in variation was highest when a 30.5-cm (10.0-
in.) straight nipple was inserted between the elbow and the manifold body. For 
users of the conventional manifold, addition of the pipe nipple from below may 
decrease application variation. 
The statistical results from each experiment with each of the manifolds was 
combined for each manifold that was tested in more than one experiment. This was 
done to examine if overall differences could be observed. The comparison tested the 
mean values for the statistical results just between application rates within each 
manifold (Table 8). 
Table 8. NHj distribution variation comparing within manifold, between application rate* 
Manifold N Avg. outlet Avg. % High/low Coefficient 
Application difference, outlet ratiod of Variation, 
rate goal NH3" difference % 
kg/ha (lb/ac) kg (lb) 
Conventional 84 (75) 0.076(0.168)* 15.6a 2.07a 22.0a 
Conventional 168 (150) 0.054(0.119)6 11.9b 1.76b 16.2 b 
Equa-Flow'" 84(75) 0.021(0.047)11 5.1ns 1.28ns 6.9ns 
Equa-flow™ 168 (150) 0.020(0.043)8 4.7ns 1.23ns 6.0 ns 
Rotaflow" 84 (75) 0.019(0.041)» 4.3ns 1.20ns 5.5ns 
Rotaflow'" 168 (150) 0.023(0.050)o 4.8ns 1.27 ns 6.3ns 
FD-1200 prototype 84 (75) 0.057(0.125)a 11.7ns 1.60ns 15.2ns 
FD-1200 prototype 168 (150) 0.033(0.072)8 7.3ns 1.37 ns 9.5ns 
Vertical-Dam (SH) 84(75) 0.030(0.066)a 6.7ns 1.33ns 8.3ns 
Vertical-Dam (Corn) 168 (150) 0.050(0.109)8 10.3ns 1.79ns 15.2ns 
Vertical-Dam (SH) 84(75) 0.030(0.066)8 6.7ns 1.33ns 8.3 ns 
Vertical-Dam (Cotton) 168 (150) 0.028(0.062)8 6.6ns 1.48ns 8.8ns 
•Values in each column within each manifold followed by a different italic letter are significant at the a » 0.05 level 
••Average kg (lb) NHj difference of an outlet from mean of outlets 
'Average difference of outlet from mean of outlets expressed as a percentage of mean 
dHigh/low ratio - maximum single outlet weight/minimum single outlet weight 
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Only the conventional manifold showed a statistical difference between 
application rates when comparing within the manifold. The conventional and 
Vertical-Dam (SH vs Cotton) comparisons used data from seven experiments. The 
FD-1200 prototype comparison used four sets of data, while the Equa-Flow™, 
Rotaflow™, and Vertical-Dam (SH vs Corn) used data from three experiments. In 
addition, a comparison was made between the Vertical-Dam (Cotton) and Vertical-
Dam (Corn) manifolds. While a statistical difference in the performance of the two 
manifolds at the higher application rate was not seen, this was primarily due to the 
wide variation in results of the Vertical-Dam (Corn) manifold. The average value in 
each of the statistical categories was lower for the Vertical-Dam (Cotton) manifold, 
and when application rates will not need to exceed the 168 kg N/ha (150 lb N/ac) 
range, the cotton ring on the large housing Vertical-Dam should be considered as a 
possible way to reduce variation in application. 
A comparison across manifolds at each application rate indicated that the 
conventional manifold was significantly different than all the other manifolds at the 
lower application rate, and grouped with the Vertical-Dam (Corn) and the FD-1200 
prototype at the higher application rate. 
Overall manifold performance could be separated into three groups, based on 
statistical results. The manifolds distribution performance could be categorized as 
poor, moderate, and good, using the conventional manifold as a benchmark. The 
results of the CV calculation were used as an indicator of the manifolds 
performance, as the grouping of manifolds based on CV was usually identical to the 
grouping dictated by other factors. At the 168 kg N/ha (150 lb N/ac) rate, 
performance of the manifolds tested are ranked in Table 9. 
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Table 9. Overall manifold performance at 168 kg N/ha (150 lb N/ac)1 
Manifold Average CV, % Performance Group Max. ACV among 
experiments, % 
Conventional 16 2a Poor 8.7 
Vertical Dam (Corn) 15.2*6 Poor 19.6 
FD-1200 prototype 9.5 abc Moderate 7.1 
Vertical-Dam (Cotton) 8.8 c Moderate 11.0 
Rotaflow™ 6.3 c Good 2.8 
Impellicone 6 2c Good 0.0 
Equa-flow'" 6.0c Good 5.9 
'Values followed by a different italic letter are significant at the a • 0.05 level 
The average CV was calculated for each manifold as the composite of all 
replications from all experiments during which the manifold was used. The 
conventional manifold had a consistently poor CV of 16.2%, but variation of the CV 
value between experiments never exceeded 8.7%. The conventional manifold 
performs poorly, and performs poorly fairly consistently. The Vertical-Dam (Corn) 
produced a CV of 7.9% during the April 2002 experiment, but the average CV was 
affected by greater variation in other experiments and the maximum ACV was 
19.6%. 
The manifolds grouped into the moderate range produced lower distribution 
variation than the poor group. The FD-1200 prototype performed at a level in the 
middle of the group of manifolds tested. The average CV and ACV for the FD-1200 
prototype were grouped between all other manifolds. The Vertical-Dam (Cotton) 
manifold produced CV values between 4.0% and 15%. The lack of consistency with 
the Vertical-Dam (Cotton) manifold prevented its inclusion in the group of top 
performers. 
Between the three manifolds in the good category, it is difficult to find 
differences in performance among them. The Equa-flow™ had the highest ACV, but 
manifold pressures were not always in the optimum range during operation. This 
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may have affected the results for the Equa-flow™. The Impellicone produced a ACV 
of 0.0%, but it was only tested in two experiments; all the other manifolds were 
tested in a minimum of three experiments. The Vertical-Dam (SH) could be included 
in the results in table 9. It was not because while it performed well, its inability to 
meet the application rate goal does not make it a viable solution for application at 
this rate. A similar evaluation of results at the 84 kg N/ha (75 lb N/ac) rate are shown 
in table 10. 
Table 10. Overall manifold performance at 84 kg N/ha (75 lb N/ac)' 
Manifold Average CV, % Performance Group Max. ACV among 
experiments, % 
Conventional 22.0a Poor 13.5 
FD-1200 prototype 15.06 Moderate 9.3 
Vertical-Dam (SH) 8.3c Good 7.7 
Equa-flow™ 6.9c Good 6.6 
Impellicone 6.4c Good 1.8 
Rotaflow" 5.5c Good 1.8 
'Values followed by a different italic letter are significant at the a • 0.05 level 
Rankings of manifolds were similar to those at the higher application rate. 
The difference being the improved performance of the Vertical-Dam when using the 
small housing. The performance of the Vertical-Dam (SH) placed it in the top group. 
Comparing these results to the summary in table 8, while only the 
conventional manifold had a statistically lower CV at the high rate than at the lower 
application rate, manifold CV dropped with the increase in application rate for most 
manifolds tested. Exceptions to this were the Rotaflow™ manifold which produced a 
CV of 5.5% at 84 kg N/ha (75 lb N/ac) and 6.3% at 168 kg N/ha (150 lb N/ac), and the 
Vertical-Dam which produced a CV of 8.3% for the Vertical-Dam (SH), and 15.2% 
and 8.8% for the Vertical-Dam (Com) and Vertical-Dam (Cotton) respectively. 
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Any of the manifolds producing CV values below 10% would make good 
replacements for systems currently using a conventional type manifold. The 
Vertical-Dam manifolds (Cotton and SH) would be the least expensive solutions but 
may not provide the best available distribution. For producers currently using a 
large housing Vertical-Dam with the com ring, a change to the cotton ring may 
reduce application variation if application rates do not exceed the 168 kg N/ha (150 
lb N/ac) range and manifold pressure is monitored. 
As occurred during the experiments, manifolds that need to be adjusted by 
the operator introduce the possibility of error during manifold setup. This error is 
also possible with the Vertical-Dam manifolds with the improper selection of ring 
for the desired application rate. Manifolds that did not require operator adjustment 
were the easiest to configure. 
Test results of the Impellicone manifold 
Statistical results of the Impellicone manifold were previously discussed. 
These results were obtained after it had been determined that the manifold was 
operating properly during tests in the summer of 2001. Field tests indicated that the 
impeller spun during application. During the November 2001 and April 2002 
experiments, the output of the tachometer installed on the Impellicone was 
monitored by the tractor operator during the treatment applications when NHa was 
flowing through the manifold. No data logging equipment was available to record 
the tachometer output, but a number of observations were made. 
During the November 2001 experiment, tachometer output indicated no 
rotation with Impellicone 3 for either application rate. This was the primary reason it 
was omitted from subsequent tests. Impellicone 2 consistently measured the 
impeller accelerating to a maximum speed of 210-285 rpm when the regulator valve 
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was first opened and NHa began to flow through the manifold. During application, 
the impeller speed varied between 0 and 90 rpm. At 168 kg N/ha (150 lb N/ac), the 
impeller appeared to spin continuously. At the 84 kg N/ha (75 lb N/ac) rate, the 
impeller speed appeared to drop to zero every 2-3 seconds and then accelerate to the 
60-75 rpm range. The low application rate may not have had sufficient flow to keep 
the impeller spinning continuously, and it only spun when a volume of NHa built up 
under the impeller to create enough force to push it up against the bearing surface 
and cause temporary rotation. Scaling down the manifold for lower flow rates or 
reducing the weight of the impeller may be solutions to this problem. 
In addition to concerns about impeller rotation, a few design flaws were 
evident with testing of the Impellicone. Primarily, the virgin Teflon™ bearing ball on 
which the impeller spins wore quickly and a visible groove was worn in the bearing 
with only 5-ha (12-ac) of application. Wear on the bearing surface could cause 
clearance problems between the base of the impeller and the lid. The adjustability of 
the post upon which the bearing seated allowed for adjustment of this clearance 
during testing, but a longer wearing solution would be necessary for continued use. 
A tachometer with greater resolution and faster sampling rate may provide more 
insight into the impeller response to NHs flow. 
Temperature and pressure of NHa within the applicator 
Measurements of temperature and pressure at points both upstream and 
downstream of the regulator and at the manifold were made as described in the 
materials and methods. As the NFL flowed through the system, flow restrictions due 
to the regulator and line friction caused pressure drops, which resulted in 
temperature drops as the NHs stayed at or near saturation. The data, collected at one 
second intervals was used to evaluate whether NHs acted as a saturated mixture as 
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it moved through the distribution system, from the tank to the regulator, and then to 
the manifold. A saturated mixture is defined as a mixture of material in liquid and 
vapor phases coexisting in equilibrium (Cengel and Boles, 1994). 
Answering the question of whether NH$ is saturated during applications 
would aid in understanding the system and manifold design. If recorded 
temperature and pressure points are at saturation, it supports the hypothesis that 
NHs behaves as a saturated mixture. Figure 22 shows an example of the data sets 
collected. 
| • Tempeotuie Before Regulator 
Temperature Alter Regiiator 
•Temperature at Manrfold 
-Pressure Before Regiiator 
- Pressée Alter Regulator 
Pressure at Manifold 
fgaaaaaBMaMsaaBflBaaaaasfl 
Bspsed Time (##c; 
Figure 22. Data stream collected for conventional manifold, 168 kg N/ha, November 2000, Run #1 
The data points collected between elapsed time from 30 to 60 sec were during 
the actual application run. NHs temperature before the regulator remained close to 
the ambient air temperature. NHa temperature after the regulator and at the 
manifold dropped at the beginning of the run due to the incoming flow of NHs 
expanding into the volume and the resultant drop in NHs pressure from the tank 
caused a drop in NHs temperature. The pressure before the regulator dropped at the 
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beginning of the run as the value was open and back pressure was reduced 
momentarily. Pressures after the regulator and at the manifold increased from near 
atmospheric pressure with the introduction of NHs into the distribution system. The 
large drop in temperature after the regulator and at the manifold following the 
application could be attributed to the venting of the system for safety reasons. This 
venting eliminated any pressure on the NHa and allowed boiling, which occurs at -
33° C (-28° F) at atmospheric pressure. 
The average temperature and pressure values for the middle 30 sec of 
application were used in analysis. These data points were grouped by manifold in 
an attempt to detect any trends and anomalies in the results. Figure 23 shows 
temperature and pressure data compiled for the FD-1200 prototype, tested in the 
November 2000, April 2001, and November 2001 experiments. Each symbol 
represents three data points for the replications of each treatment. 
The saturation line (Sonntag and Van Wylen, 1982) separating liquid and 
vapor phases, identifies the conditions at which NH? changes phase. NHs will be a 
liquid above and to the left of the line, and a vapor below and to the right of the line. 
A change in enthalpy, the internal energy of NHa would be required to move NHs 
away from the saturation line. 
Figure 23 shows that as the NHs material moves through the system, the 
temperature and pressure both decrease. It should also be noted that for after 
regulator and manifold data points, the grouping of three data points lower on the 
line were collected at the 84 kg N/ha (75 lb N/ac) application rate, and the higher 
three points at the 168 kg N/ha (150 lb N/ac) rate. These changes in pressure can be 
seen when looking at the pressure data in the experiment summary tables 1 through 
7. 
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Figure 23. Temperature and pressure data for the FD-1200 manifold 
To correlate the measured data to the saturation line, a linear correlation was 
evaluated. To achieve this, the temperature was defined as the independent variable, 
and the resultant dependent variable was pressure. The measured pressure at each 
recorded temperature was plotted against the theoretical pressure calculated from 
the saturation line. Figure 24 plots the theoretical pressure against the measured 
pressure for the FD-1200 prototype manifold. 
The best fit line through the data plot resulted in a correlation of R2 = 0.993, 
and a slope of 0.9260. The PROC GLM function of SAS was used to determine the 
best-fit line to the data and check the residuals for abnormalities; none were found. 
To compare the slope of the best fit line through the data set to a line with a slope = 1 
(measured pressure = theoretical pressure),the correlation coefficient was used. In 
reference to the FD-1200 prototype, 99.3% of the variation in the measured pressure 
reading could be explained by the theoretical pressure (i.e. assumption of saturated 
conditions) at any given temperature. 
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Figure 24. Measured vs theoretical pressure for the FD-1200 prototype manifold 
Figures 25 and 26 show similar results for the Equa-flow™ manifold. The manifold 
data points for the April 2001 experiment in figure 25 were well within the liquid 
phase of the saturation diagram. The manifold data points for the other two 
experiments do not support the validity of these points. An additional outflow of 
heat energy other than from the NFb itself would be required to supercool the liquid 
into the saturated liquid area. As no practical explanation other than measurement 
error could be supported, these data points were removed for the linear comparison. 
Table 11 lists the statistical results for each manifold tested. Manifolds tested 
between November 2000 and April 2002 were evaluated for correlation between 
actual data and the theoretical saturation line. Datalogger malfunctions caused an 
insufficient data set and prevented evaluation of any of the Vertical-Dam manifolds 
for saturation line correlation. 
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Figure 25. Temperature and pressure data for the Equa-flow™ manifold 
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Figure 26. Measured vs theoretical pressure for the Equa-flow™ manifold 
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Table 11. Statistical analysis of temperature and pressure data for correlation with the theoretical 
saturation line for NHs 
Manifold Slope of best 
fit linear line 
Degrees of 
freedom 
R2 Std. Error of 
Pred. (SEP) 
Conventional 0.9405 61 0.996 +/-16.1 
FD-1200 prototype 0.9260 49 0.993 +/-16.6 
Equa-flow™ 0.9837 40 0.991 +/-15.8 
Rotaflow™ 0.8082 16 0.984 +/-17.3 
A-6600 0.6123 16 0.893 +/- 30.6 
Impellicone 0.8837 16 0.997 +/-12.1 
In addition to the calculation of the correlation coefficient, the standard error 
of prediction (SEP) was calculated. The SEP was calculated as the standard deviation 
of the residuals between the theoretical pressure and the measured pressure. In 
terms of the conventional manifold, the SEP states that the actual pressure would be 
within +/-16.1 kPa (2.3 psi) of the theoretical pressure during 68% (one standard 
deviation) of the measurements. 
The slope of each correlation was less than one. This was caused by values 
recorded at the manifold that were slightly above the saturation line. The measured 
higher pressure or lower temperature pushed the data points into the liquid area of 
the saturation plot. Any noticeable deviation from the saturation line occurred at the 
manifold and was always to the liquid side of the line. 
NHs conditions in the liquid phase of the saturation diagram would require 
compression of NHs or a loss in temperature due to a thermal sink. As differential 
pressure moves NHs through the applicator, no external source of compression was 
evident. During all of the experiments, the air temperature was higher than the 
temperature of the manifold. Energy transfer from the surroundings through the 
manifold body would have been an energy input, which would increase the 
temperature and move NHs quality toward the vapor side of the saturation line. 
Without thermal energy sinks or external pressure sources available to drive NHs to 
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a fully saturated liquid, the data points for the manifolds showing NHs as a 
supercooled liquid are unexpected. A possible bias error in datalogging at low 
temperatures and pressure may have affected data collection, but there is no obvious 
explanation for sampling error. The A-6600 correlation was the poorest, with the 
theoretical pressure value accounting for 89.3% of the variation in the measured 
value. The SEP value was also very high for the A-6600. Because the A-6600 was 
only used in the April 2002 experiment, only 18 data points were fit to the saturation 
line. Without additional data, no conclusion could be drawn from the results. The 
three manifolds with the largest data sets resulted in very good correlations, slopes 
near 1.0, and SEP values less than +/- 16.6 kPa (2.3 psi). 
Based on these data sets, it is observed that NHs in a fertilizer application 
system including a tank, hoses, a regulator, and a manifold, does act as a saturated 
mixture as the pressure drops through the system. In addition, prediction of 
material quality and vapor production using the established saturation data would 
provide a good estimate of the actual temperature and pressure of NHs. 
NHs Quality and Distribution 
If it is accepted that the data above supports the assumption that NHs does 
follow the saturation line in the form of a saturated mixture as it moves through the 
distribution system, comparisons between distribution and material quality could be 
made. Quality is defined as: 
X = fMvapor / 771 total 
where: Ml total = TMliquid + 771 vapor = ÎIV ITtg 
m = mass 
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Quality only has significance for saturated mixtures (Cengel and Boles, 1994). If NHs 
follows the saturation line, an adiabatic system with constant enthalpy (hi =hi = hn) is 
implied. Constant enthalpy requires that all the energy exchange required for phase 
change within the NHs is provided by the NHa itself. To define the points along the 
flow path in this system, the following designations were assigned: 
hi = enthalpy of NHs at the supply tank 
h\ = hn + x/ifgi 
xhfS\ = 0 (NHs is 100% liquid at tank) 
/z2 = enthalpy of NHs before the regulator 
hz = h\ = hn. + xi/ifgz 
X2 = (h\ -  hn) / /zfg2 
hi = enthalpy of NH3 after the regulator 
hz = h\= ha + xs/zfgs 
h* = enthalpy of NHs at the manifold 
h* = h\ = hi a + x-t/ztg-t 
where: hn = total enthalpy (kj/kg) 
htn = enthalpy of the fluid (kj/kg) 
/zfgn = latent heat of vaporization (kj/kg) 
=  h% — ht 
x = quality 
These equations allowed for the calculation of quality (%) at each point along 
the flow path. Quality defines the partitioning between the liquid and vapor phases 
on a mass basis. In addition, using published data for the specific volume of the 
saturated gas or liquid, the partitioning on a volume basis was calculated with the 
following equations: 
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Xn = quality = kg NHs in vapor if a 1 kg total mass is assumed 
1 - Xn = kg NHs in liquid 
xn * svg = volume of NHs in vapor phase 
svg = specific volume of vapor (m3/kg) 
(1 - Xn) * svf = volume of NHs in liquid phase 
svf = specific volume of liquid (m3/kg) 
(xn * svg) / ((xn * svg )+ ((1 - Xn) * svf)) * 100% = % volume in vapor phase 
Using these equations, the quality and volume partitioning of NHs through the NHs 
distribution system was calculated for the manifolds used in the November 2000 
through April 2002 tests. Figure 27 shows the quality and volume partitioning for 
the conventional manifold at the 84 kg N/ha (75 lb N/ac) application rate during the 
April 2002 experiment. During this experiment the ambient air temperature was 2.2° 
C (36° F) and the temperature at the manifold was -19.4° C (-3°F). Figure 28 shows 
the quality and volume partitioning for the Impellicone manifold for the 168 kg 
N/ha (150 lb N/ac) rate during the April 2002 experiment. The ambient air 
temperature was the same as with the conventional manifold, but the manifold 
temperature was measured as -10.2° C (13.6° F). The higher pressures in the 
Impellicone retarded the rate of transformation of NHs to vapor when compared to 
the conventional manifold. Because of this, the Impellicone manifold had a lower 
percentage of vapor by volume and vapor by mass than the conventional manifold. 
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Figure 27. Quality and volume partitioning of NHs in the distribution system with the conventional 
manifold, 84 kg N/ha, April 2002 
Because NHs remains saturated as it moves through the application system, 
as pressure drops, an increasing percentage of the total volume of NHb is in the 
vapor phase. In addition, the experiments conducted at lower ambient air 
temperatures had a lower pressure at the tank and therefore had lower pressures at 
the manifolds than those starting with higher pressures. 
These example calculations of quality of vapor partitioning prompted the 
consideration that they may affect distribution. A number of possible comparisons 
could be made with the data collected, including comparisons between CV, 
temperature, quality, and/or vapor partitioning. Manifold CV was compared to the 
ambient air temperature to examine any correlation between these two factors for 
those manifolds with complete data sets from at least two experiments. The 
manifolds were separated into two groups. Those with fixed volume cavities, 
including the conventional, Vertical-Dam, and the Impellicone were grouped 
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Figure 28. Quality and volume partitioning of NHs in the distribution system with the Impellicone 
manifold, 168 kg N/ha, April 2002 
together, and those with variable volume cavities, including the FD-1200 prototype 
and the Equa-flow" were put in a second group. This grouping was selected because 
after comparing air temperature against CV for each manifold at each application 
rate, there were visual indications that there may be opposing correlations for the 
two manifold groups between these two factors. 
Based on graphical comparisons of manifold CV against air temperature the 
hypothesis could be made that air temperature at the time of application has an 
effect on distribution variation. The fixed volume cavity manifold showed a broad 
but weak trend towards increasing CV with increasing air temperature. The 
opposite trend, that of decreasing CV with increasing air temperature, could be 
suggested for the FD-1200 prototype manifold. Figure 29 plots CV against air 
temperature for the fixed volume cavity manifolds. The Vertical-Dam (SH and 
Cotton) manifolds display this trend, as does the conventional manifold at the 
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Figure 29. CV vs air temperature for fixed volume cavity manifolds 
168 kg N/ha (150 lb N/ac) rate. The conventional manifold at the 84 kg N/ha (75 lb 
N/ac) rate does not support this trend because at the 5° C (41° F) temperature the CV 
is 22.9%. The Impellicone manifold had very nearly the same CV at both 
temperatures tested and did not show any trend. 
For the variable volume cavity manifolds, the FD-1200 prototype had 
decreasing CV with increasing air temperature for the two lower air temperatures 
for both application rates. CV continued to decrease with increasing air temperature 
at the 84 kg N/ha rate (75 lb N/ac), but increased at the 168 kg N/ha (150 lb N/ac) 
rate. The highest CV values for the Equa-flow™ manifold were produced at the 
intermediate temperature, and as such, no trend was observed. Figure 30 plots the 
comparison for the variable volume cavity manifolds. 
Any correlation between CV and air temperature is very weak, if it does exist. 
The data collected does not fully support this hypothesis for either set of manifolds, 
and additional data at a wider range of temperatures would be necessary to further 
define any trends. 
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Figure 30. CV vs air temperature for variable volume cavity manifolds 
Based on concerns in past research that the production and distribution of 
vapor within the manifold body are factors that may affect manifold distribution, 
the volume of vapor as a percent of total volume in the manifold was calculated 
using the equations listed above. Figures 29 and 30 have the percentage of NFL in 
the vapor phase by volume shown by each data point for the conventional and FD-
1200 prototypes, as these two manifolds responses were closest to the hypotheses 
above. Datalogger failure prevented the collection of a data set for the Vertical-Dam 
manifold. 
Statistical analysis was conducted to evaluated CV against air temperature, 
CV against percent vapor by volume in the manifold, and air temperature against 
vapor by volume in the manifold. The only positive correlations found with a slope 
significantly different than zero were between CV and air temperature for the 
Vertical-Dam (SH) at the 84 kg N/ha (75 lb N/ac) rate, and a correlation between CV 
and percent vapor by volume in the manifold for the conventional manifold (using a 
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data set including both application rates). Figure 31 shows the correlation for the 
conventional manifold. No correlation between air temperature and percent vapor 
by volume in the manifold was found. Based on these analyses, no correlation 
between these factors can be defined. 
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Figure 31. CV versus volume NHs in the vapor phase for the conventional manifold 
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CONCLUSIONS AND RECOMMENDATIONS 
The seven experiments performed allowed a comprehensive look at the NHs 
distribution performance of 16 different manifold configurations. A number of 
conclusions related to the design of a manifold effecting distribution were made. 
The number of evenly spaced outlets around a radial manifold did not have a 
significant effect on distribution (August 1999). The testing of the side-entry and tee-
entry manifolds in March 2000 resulted in the selection of a radial manifold for 
design purposes because the distribution variation with the linear manifolds was 
greater than any of the radial manifolds by at least a factor of two. 
The results from the manifold experiments testing the conventional and 
Vertical-Dam manifolds indicate: 
1. The conventional manifold consistently had the poorest uniformity. 
Distribution uniformity was statistically better at the 168 kg N/ha (150 lb 
N/ac) rate than at the 84 kg N/ha (75 lb N/ac) rate, and had statistically 
worse variation than all Vertical-Dam manifolds except the Vertical-Dam 
(Corn) at the 168 kg N/ha (150 lb N/ac) rate. 
2. The Vertical-Dam (SH) had good uniformity at the 168 kg N/ha (150 lb 
N/ac) application rate but did not meet the application goal because of 
metered flow in the manifold. 
3. Both the Vertical-Dam (Com) and Vertical-Dam (Cotton) met the 
application rate goal. The Vertical-Dam (Cotton) had more uniform NH$ 
distribution than the conventional manifold. 
Other commercial and prototype manifolds available were tested in conjunction 
with the conventional and Vertical-Dam manifolds. These manifolds included the 
Rotaflow™, Equa-flow™, and FD-1200 prototype. Conclusions from this group were: 
90 
1. The Rotaflow™, Equa-flow™, and FD-1200 prototype manifolds had 
significantly lower variation in distribution than the conventional 
manifold at the 84 kg N/ha (75 lb N/ac) application rate, but only the 
Rotaflow™ and Equa-flow™ were lower at the 168 kg N/ha (150 lb N/ac) 
application rate. 
2. The Rotaflow™ and Equa-flow™ manifolds had similar uniformity to the 
Vertical-Dam (SH and Cotton) and better uniformity than the Vertical-
Dam (Com). 
A number of modifications were made to the conventional manifold to 
evaluate any changes in distribution variation. These changes included the addition 
of straight and mixer pipe nipples to the conventional manifold. As compared to the 
standard conventional manifold with an elbow adjacent to the manifold to direct 
incoming flow, the addition of a 30.5-cm (10.0-in.) pipe nipple below the manifold 
reduced variation. The addition of a similar nipple with a mixer helix inside the pipe 
did not improve performance. 
Current users of the conventional manifold may consider the addition of a 
pipe nipple below the manifold to straighten incoming flow. The pipe nipple 
reduced the CV by nearly 18% at the 84 kg N/ha rate and by 2% at the 168 kg N/ha 
rate. 
The development of the Impellicone was undertaken in an attempt to 
incorporate current design improvements with a new concept in NHs manifold 
shape. The performance and design evaluation was: 
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1. The initial Impellicone impeller did not operate properly due to 
insufficient force to cause rotation of the impeller. The cutting of deeper 
rifling grooves into the impeller and changing the slope of the impeller to 
force a greater percentage of NHs flow through the grooves created 
sufficient force to spin the impeller. 
2. The uniformity of the Impellicone manifold was similar to the Rotaflow™ 
manifold and the Equa-flow™ manifold at both application rates and 
significantly better than the conventional manifold. 
3. Reduction of the mass of the impeller would require a lower force to cause 
rotation and may allow for higher rotational speeds and consistent 
rotation at lower application rates. 
Examining all the manifolds as a group across all experiments, only the 
conventional manifold had statistically higher distribution variation at the 84 kg 
N/ha (75 lb N/ac) application rate than at the 168 kg N/ha (150 lb N/ac) rate. 
Although variation of the Vertical-Dam (Cotton) was numerically less than the 
Vertical-Dam (Com) manifold, the difference was not statistically significant. All 
other manifolds tested had similar uniformity at both application rates. 
The measurement of temperature and pressure along the flow path provided 
insight as to whether NHs follows the saturation line as it moves through the 
system. Linear analysis of the theoretical pressure as predicted by the saturated 
condition against the measured pressure resulted in slopes very near one for most 
manifolds. The exception was the A-6600 manifold, where values recorded at the 
manifold were well within the liquid area of the pressure versus temperature plot. 
This resulted in a more shallow slope than the other manifolds. The A-6600 manifold 
was only tested during the April 2002 experiment and without additional 
experimentation, the consistency of results cannot be replicated. 
The standard error of prediction (SEP) was within +/-17.3 kPa for all 
manifolds but the A-6600. These results support the assumption that NHs follows 
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the saturation line as it moves through the application system, and predictions of 
quality and vapor partitioning based on theoretical saturation would give a 
reasonable representation of the actual temperature and pressure. 
A comparison of the air temperature to the CV measured at the manifold 
resulted in two manifold groupings. The manifolds that have fixed volume cavities 
were hypothesized to have increasing CV with increasing air temperature. The 
manifolds that have variable volume cavities were hypothesized to have decreasing 
CV with increasing air temperature. The conventional manifold showed an increase 
in CV with increasing temperature at the 168 kg N/ha (150 lb N/ac) rate, and the 
Vertical-Dam showed the trend at both application rates. The FD-1200 prototype 
showed decreasing CV with an increase in air temperature for the two lower 
temperatures tested at for both application rates, but did not follow the trend at the 
higher air temperature. The other manifolds examined did not show any trend with 
CV and air temperature. 
Calculations of quality and vapor partitioning were made using the 
assumption that NHs followed saturated mixture properties. For the manifolds with 
complete data sets, the quality and volume partitioning were calculated and the NHs 
percent vapor by volume was used as an indictor to compare manifold treatments. 
The conventional manifold showed a correlation between CV and percent NHs by 
volume in the vapor phase. This correlation was not seen for the FD-1200 prototype. 
The Vertical-Dam (SH) had a significant correlation between CV and air 
temperature. All other comparisons failed to show any significant correlation. The 
results of this analysis do not support any overall trends when comparing CV, air 
temperature, and percent NHs by volume in the vapor phase. 
The evolution of new manifolds has decreased the variability in application 
by nearly four times (CV of 22% for conventional at 84 kg N/ha vs new designs at 
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approximately 6% CV). The adoption of any of these new manifolds could allow 
reduced application rates of NHs by excluding the "insurance" application. 
Additional research on temperature, pressure, and quality of NHs before and 
during distribution may allow a more complete investigation of how NHs responds 
to decreasing pressure through the system, in an attempt to better define any 
correlations between factors that may affect distribution of NHs at the manifold. 
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PART II. ANHDYROUS AMMONIA APPLICATION VARIATION 
EFFECTS ON CORN YIELD 
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INTRODUCTION 
Nitrate-nitrogen (NOs-N) is highly mobile with water within the soil 
structure. Rainfall can cause downward leaching, and high water tables can move 
NOs-N in all directions. This mobility causes great concerns with tile effluent and 
results in surface water with high NOs-N concentrations in agricultural regions. 
The mobility of NOs-N has also been used as an explanation for why exact 
application of N fertilizers is not absolutely necessary. Uneven distribution is 
sometimes dismissed as not important because of the high mobility of NO3-N in 
conjunction with corn plant roots that can compensate and change root growth 
patterns to move root production to areas of higher NOs-N concentrations. 
Application of anhydrous ammonia (NH3) is done either in the fall, spring 
before planting, spring after planting as a side-dress application within the plant 
stand, or some combination of these. Fall and spring pre-plant applications are 
commonly done at a diagonal to the direction of the later rows of com plants. This 
reduces the number of tractor passes along the row, avoids planting an entire row of 
seed into the fertilizer band, and creates some subsurface disruption of soil 
structure. It does not create an even spatial distribution of fertilizer within the soil or 
dictate when the plant roots intersect the band of fertilizer. 
An assumption is often made that the mobility of NO3-N will allow it to 
evenly distribute among the root zones of individual plants. For the most uniform 
distribution possible, consistent application rate from the applicator is necessary, in 
both diagonal and side-dress applications. In a side-dress application, NH3 is 
applied between the rows with a subsurface injection knife. If it is applied when the 
com plants are nearing 30 cm in height, the plants will soon rapidly increase N 
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consumption. Accurate placement and uniform distribution can reduce plant stress 
and aid in ensuring optimum crop yield and return on N investment. 
Studies have shown that although a single application in the spring before 
planting produces about the same yield as a smaller pre-plant application combined 
with a side-dress application at 15-30 cm com plant height, the amount of NHs 
needed to produce the same yield is reduced with the split application. Side-
dressing of N fertilizer is often avoided by some growers because of the additional 
time and equipment required. With concerns about NOs-N in drinking water, and 
effects on aquatic ecology, any processes to reduce the amount of fertilizer applied 
to farm fields is potentially advisable. 
If NH$ material cost is low, the few dollars saved in fertilizer do not offset the 
value of time and equipment needed to perform the side-dress application. Growers 
who are environmentally conscious, however, may side-dress to potentially reduce 
offsite losses. Concerns have been voiced about possible governmental regulation of 
application rates, tile effluent, and surface water effluent concentrations, causing 
more producers to consider more efficient N management. 
Existing industry infrastructure dictates some limitations of NH3 equipment. 
A majority of Midwest producers use NHa toolbars rented from a local cooperative. 
Much of this equipment was developed when NHa was first used as a fertilizer in 
the 1950's. Historic low cost of the material and the perception that highly accurate 
application was not necessary slowed the development of new manifolds and 
regulator systems to reduce variability. This low cost of NHa, has caused over 
application by 5 to 10% "just to be safe" to become a common practice. Producers 
often hear that the application is not very uniform. To make up for a low application 
through an individual knife, an additional few percentage points of application will 
ensure that all knives meet the minimum application goal. 
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Application rate is commonly determined by change in NHa tank weight 
divided by the number of hectares (acres) covered. Although this gives an average 
field application rate, it does not measure application rate to individual plants. 
This study looks at com response to different rates of NHs fertilizer placed 
equal distance from each row, as might result in a side-dress application. 
The objectives of this study were: 
1. To measure variation in yield due to uneven application of NHa. 
2. To examine possible residual effects of uneven application in a second 
growing season. 
3. To evaluate the crop health indicators grain % N and stalk-N 
concentration for any correlation with yield and application rate. 
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LITERATURE REVIEW 
Nitrogen fertilizer use on corn (Zea mays L.) 
With an increase in population in the postwar 1950's came an increased need 
for food crop production in the United States. This era brought about the use of 
commercially purchased nitrogen (N), phosphorus (P), and potassium (K) as three 
primary nutrients needed for corn plant growth. Nitrogen is usually the most 
limiting of the three primary nutrients for growth in com. With increased 
production demands have come increased fertilizer demands. Fifty years ago a yield 
of 5 Mg/ha was considered high com productivity; yields twice that figure are 
exceeded by many producers across the Midwest and throughout the country today. 
Modeling of future com production in Midwestern states has projected an 
increase in production of close to 70% above current production levels in the next 30 
years. This value was estimated taking into account the current exponential rate at 
which new technology is increasing yields (Reilly & Fuglie 1998). With increasing 
productivity and fertilizer requirements come concerns about the management of 
nutrients and keeping them where they can be used by the plant. 
As noted by Baker and Johnson (1981), "It is expected that the trend of 
increasing N use will continue unless use is controlled by high costs and/or energy 
shortages." A controlling factor that may not have been under serious consideration 
25 years ago, but is very real today is the possibility of governmental regulation to 
control N fertilizer application rates and monitor tile effluent and surface runoff for 
N. 
One of the keys to realizing this yield increase is future input and output 
prices, including the pricing and incentives that exist to reduce environmental 
damages stemming from crop production (Reilly & Fuglie 1998). As NOs-N leaching 
99 
and over application of N fertilizers play a vital role in environmental damage, 
control and efficient use of N fertilizer will be prominent in the ability or inability of 
producers to achieve these future production figures. 
According to Angle et al. (1993), additions of N to soil should be timed to 
coincide with the N required of the crop. Due to limitations in farm operations, often 
times all N is applied in one pass. This can create a pool of potentially leachable 
NOs-N in the soil. This pool can be magnified if environmental factors such as 
drought limit N uptake. In addition, overly optimistic yield goals may cause over 
application. 
One of the many fates of field-applied N fertilizer is leaching loss as NOs-N, 
which is of environmental, economic, and energy-conservation concerns. Leaching 
losses of N, as NOs-N, are most significant when the amount of fertilizer applied 
exceeds the crop N requirement (Roth and Fox, 1990). Baker and Johnson (1981) 
showed that up to 55% of stream flow in the Skunk River in central Iowa can be 
attributed to farm field tile drainage, depending on rainfall and other meteorological 
conditions. In multiple fields with N applications rates from 56 to 116 kg/ha (49 to 
104 lb/ac), total losses of NOs-N from the tile lines ranged between 26 and 48 kg/ha 
(23 and 43 lb/ac). N fertilizer in this study was applied as prilled urea and 
incorporated with spring tillage. 
Jaynes et al. (2001) and Goldstein et al. (1998) have shown that increased NHs 
application rates have directly resultant increases in NOs-N in tile effluent. 
Goldstein et al. (1998) continued on to show that com fertilized with NHs had the 
highest NOs-N concentrations in tile effluent of a number of crop and fertilizer 
combinations including hay, oats, com, and soybeans, with either manure or NHs as 
the N fertilizer. A change of fertilizer type from manure to NHs resulted in a seven 
to ten times increase in the NOs-N concentration in the tile effluent from the field. 
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Anhydrous ammonia as a nitrogen fertilizer 
NHs has been used as a fertilizer for over 75 years in the United States, with 
the material becoming widely available after World War II (Collings, 1955). Much of 
the equipment currently used to apply it today was developed in the early days of 
NHs use. Only in the past 20 years have the small 385-L (100-gal) tanks mounted to 
3-point hitch, five shank toolbars been replaced with much larger drawbar units. 
While the scale of application has changed, the technology has not. In a reversal of 
thinking as compared to today, Collings (1955) stated "Andrews (1947) found that 
application with anhydrous ammonia has a higher uniformity than is usually 
obtained with solid N fertilizers". 
Concerns have been raised about how evenly NHs is distributed to outlet 
knives with this older equipment. Many recent studies have shown wide variations 
in the amount of NHs applied between knives ( Boyd et al., 2000, Schrock et al., 2001, 
Kerkman and Colvin, 1997). The conventional manifold has been in use for forty 
plus years and is very common on toolbars today. All three sources found high 
coefficients of variation (CV) with the conventional manifold. Values of CV for the 
conventional manifold were in excess of 15%. 
Manifolds providing more even distribution have been introduced to the 
market recently, the most common being the Vertical Dam manifold (Continental 
NHs Products, Dallas, TX). Shrock et al. (2001) and Boyd et al. (2000) found the 
performance of this manifold to be statistically better than that of the conventional 
manifold. Individual runs of the Vertical-Dam produced CV values in the 8-10% 
range. 
Errors in application, in conjunction with variable NHs prices and water 
quality concerns have brought about a new interest in equipment designed to apply 
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NHs. Better control of NHs will be essential to allow NHs to be used in precision 
farming techniques with variable rate applications. 
Jaynes et al. (2001) changed their N fertilizer source from NHs to 28% urea 
ammonium nitrate (UAN) solution in 1996 in the middle of a long-term study when 
Weber et al. (1995) identified the high variation between outlet knives on some NHs 
application equipment. 
Yield and plant health indicator effects due to anhydrous ammonia placement 
N fertilizer placement has been shown to affect corn plant root growth and 
distribution. Mean root radius is directly affected by fertilizer placement (Black, 
1968). A uniform distribution of N fertilizer in sufficient concentration throughout 
the soil can reduce root exploration and total root mass. N fertilizer placed in deep 
bands either in liquid or NHs forms can limit early season N availability and 
decrease concentrations and uptake of N in the shoot, but often result in higher root 
production when compared to the wide distribution (Bowman, 1984). This is 
important as the only common application method for NHs is knife injection at 10 to 
20-cm (4 to 8-in) below the ground surface in a band. 
Although only relatively small amounts of fertilizer nutrients are required in 
the very early stages of plant growth, high concentrations of nutrients in the root 
zone at that time are beneficial in promoting early plant growth. This is the period 
when all the different plant parts are being initiated and begin to grow. Even though 
the amount of nutrients taken up is relatively small, final size of the leaves, ear and 
other plant parts depends to a large degree upon having an adequate supply of 
nutrients available to the plant during this early part of the growing season. At later 
stages of growth, the plants require much larger amounts of nutrients. Time and 
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placement of N fertilizers should be based on greatest efficiency, minimizing 
potential loss, and fitting into the production system (Ritchie et al., 1993). 
Many experiments over the past 50 years have shown a correlation between 
N fertilizer application rates and corn yield. Liang and MacKenzie (1994), found that 
the response of yield, grain N, and total N uptake were related to N application rate 
in a quadratic growth relationship. Increasing application rate of NHs has been 
shown repeatedly to increase corn yields in many soil types and climates 
(Stehouwer and Johnson 1990, Stevenson and Baldwin 1969). 
One of the functions that controls yield is the rate of grain fill of N. Lee (1981) 
showed that there is a direct correlation between N fertilizer application rate and the 
rate of grain fill. The movement of sugars and dry matter accumulation in the kernel 
are regulated by the deposition of nitrogenous compounds in the kernel. This 
process is restricted with a deficiency in plant available N, and will reach a plateau 
when N availability is at or above the maximum concentration that the com plant 
can take up (Tsai et al., 1984). 
Both Mengel et al. (1982) and Cerrato and Blackmer (1990b) showed that N 
concentration in grain tended to increase with increasing rates of N application. 
However, Cerrato and Blackmer (1990b) were unable to find any basis for 
determining critical N concentrations based on N concentrations in grain. Therefore 
they found that N concentrations in grain did not provide a reliable indicator of the 
N status of com. This result is contradictory to work done by Pierre et al. (1977). In 
Iowa soils, he found that values of grain N above 1.52 % usually indicated sufficient 
soil N for maximum yields. The data of grain N versus relative yield, as a percent of 
maximum, was fitted using a quadratic model function. 
End-of-season cornstalk N content has also been used as an indicator tool for 
determining com plant health at harvest time. This tool gives an after-the-fact look 
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at plant growth, but is very valuable in future planning for N fertilizer needs. Stalk 
sample NOs-N concentrations fall into four categories: low (less than 250 ppm N), 
marginal (250 to 700 ppm N), optimal (700 to 2000 ppm N), and excess (greater than 
2000 ppm N). Within the optimal range, yield may increase without a change in 
stalk sample NOs-N concentration. In the excess category, there is luxury uptake and 
even as uptake increases, it does not usually increase yields (Blackmer et al., 1996). 
Lower than desired concentrations should be expected in years having 
unusually large amounts of in-season rainfall that results in unusually large losses of 
N and (or) high yield potential. Higher than desired concentrations should be 
expected in years when unusually low rainfall limits N losses and (or) yield 
potential (Blackmer et al., 1996). 
Brouder et al. (2000) stated that in comparisons made between stalk NOs-N 
analysis and N concentrations in grain, stalk analysis was superior to grain analysis 
for distinguishing sufficiency from excess. In the study, both linear response with 
plateau and binary logistic regression were used. Both had high success rates at 
determining deficiency from sufficient observations. 
Yield response to N application has been well documented. Often the 
response can be modeled and fit by using a trend line. When selecting a model to fit 
to the yield data, many options are available. Cerrato and Blackmer (1990b) looked 
at five models fit to N application rate versus grain yield. All the models fit yield 
data well when coefficient of determination (R2 value) was used as the evaluation 
statistic. Of the five statistic models fitted, including a) linear plus plateau, b) 
quadratic plus plateau, c) quadratic, d) exponential, and e) square root, the quadratic 
plus plateau fit the data best but not significantly better than the others. Each model 
also resulted in a similar maximum yield. The differentiation in models was most 
noticeable when the models were used to calculate economic optimum rate of N 
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fertilization. For predicting this rate the quadratic plus plateau model was the most 
accurate. In the study, the quadratic plus plateau model best described the overall 
yield response observed. 
Nafziger et al. (2001) found that the quadratic plateau model best fit yield 
responses to N fertilization in Illinois in 2000 at the majority of research sites 
examined. The quadratic plateau model for yield response has become the 
commonly accepted model in com and serves to accurately predict yield and the 
economic optimum N fertilization rate. 
Yield results have been seen to be affected noticeably by time of application 
with NHs as well as other sources of N. A greater response to N applied after 
planting versus that applied pre-plant has been seen. This was particularly true at 
lower N rates of 34 to 45 kg N/ha (30 to 40 lb/ac). As N rates approached levels 
which more nearly produced optimum yields, little influence due to time of N 
application was observed (Meyer, 1973). 
Throughout the past 25 years, experiments have shown that yield response 
was greater with NHs than with other types of surface applied and subsurface 
injected N fertilizers (Stehouwer and Johnson, 1990; Mengel et al., 1982). However, 
other experiments have shown just the opposite, and saw lower yield response to 
NHs than other fertilizers. Olson (1964) found that UAN produced higher com 
yields than NHs. Stehouwer and Johnson's (1990) reasoning follows the thought that 
high pHs and NH-»-N concentrations are present in the NHs band for two to three 
weeks after application. These conditions could inhibit soil nitrifying organisms and 
could delay nitrification of NHs relative to the urea, where such conditions do not 
usually exist. 
Mengel et al. (1982) showed that fertilizer placement below the soil surface 
had a distinct yield advantage over fertilizers broadcast on the surface. Ammonia 
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volatilization was drastically reduced by subsurface application of N-based 
fertilizers, resulting in higher retention of N in the soil. This response has 
implications when no-till production is considered. 
As of 1997,85% of all NHs manufactured was used in some form of fertilizer 
for agriculture (Appl, 1999). In Iowa in 1999, 98% of corn received N fertilizer at an 
average application rate of 141 kg/ha (126 lb/ac) for the growing season (Sands, 
2000). Of the commonly used straight material sources of N, NHs accounted for 
more that 40% of the total amount of N applied (Sands, 2000). Through recent 
fluctuating prices and supplies, NHs has remained the number one N fertilizer due 
to low cost and high N content (82% N by weight). 
In the past, the concept of legume or manure credit has been used in evaluating the 
amount of N fertilizer required to meet yield goals. Continuing research shows no 
relationship between optimal rates of N fertilization and yield goals at these rates 
and fertilizer credits. A more exact system using soil type and use categories has 
been developed (Blackmer et al., 1997). The current procedures involves the use of a 
soil NOs-N test to estimate current N resources in the soil as compared to a NOs-N 
value known to be sufficient for maximum plant growth. 
Precise application goals, in conjunction with the fluctuating prices and 
environmental concerns stated earlier, mandate development of improved NHs 
application equipment. Without more accurate and easily controllable application 
systems, NHs may not be desirable for precision application. 
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MATERIALS AND METHODS 
Field plots and anhydrous ammonia (NHa) application 
During the 2000 and 2001 growing seasons, experiments were implemented 
to evaluate yield effects of variability of NHs rate across the application swath in 
corn (Zea Mays L.). In 2000, the field used for the study was at the Iowa State 
University Boyd Farm in Boone County, Iowa. In 2001, the Boyd Farm plots were 
planted to corn again without N fertilizer application to look at residual effects of 
NHs application, and a second site was added for NHs application on first year corn. 
The second site, on the Iowa State University Marsden-Paulsen farm, was 
approximately 0.8 km (0.5 mi) east of the site at the Boyd farm. 
The plots at the Boyd farm were recorded as Boyd 2000 for the first year when 
NHs was applied, and as Boyd 2001 for the second year when the plots received no 
NHs and only residual N in the soil was available. Marsden-Paulsen 2001 was the 
name given for plots that received NHs at the Marsden-Paulsen farm during the 
2001 growing season. 
The Boyd farm location was comprised of Nicollet loam and Clarion loam soil 
types and the Marsden-Paulsen location was a Clarion loam. Precipitation, recorded 
at the Agronomy and Agricultural Engineering Research Center (AAERC), near the 
farm locations was 59-cm (23.3-in) in 2000, and 81-cm (31.8-in) in 2001. 
Both Boyd 2000 and Marsden-Paulsen 2001 were planted to soybeans in the 
year preceding the study. The Boyd 2001 plots were in the same location as the Boyd 
2000 plots, and as such were second-year corn. 
Before planting, soil sample cores were taken to measure NOs-N 
concentrations in the soil. Ten cores were taken in an "X" pattern across the field. 
Each core was divided into samples at three depths, 0-30 cm, 30-60 cm, 60-90 cm. 
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Samples from all cores were composited at each depth and the composites were 
analyzed at the Iowa State University Soil Testing Laboratory. 
Each experimental area was tilled with a fall chisel plow and a spring field 
conditioner. All three experiments were planted with DeKalb DK 551 variety field 
com. Seed population for Boyd 2000 and Marsden-Paulsen 2001 was 71,400 seeds 
per hectare (28,900 seeds/ac). At Boyd 2001, a slipped chain drive on the planter 
resulted in a population of approximately 93,900 seeds per hectare (38,000 seeds/ac). 
Plot length was 91.5-m (300-ft). Two hundred rows of com with 0.76-m (30-in) 
spacing were planted in two blocks. Extra rows were left on either side of the plot 
rows when possible to reduce any possible edge effects on yields. Individual 
experimental units or plots were 0.76-m by 91.5-m (2.5-ft by 300-ft). Figure 1 shows 
the plot layout for Marsden-Paulsen 2001. 
Within seven days of planting, NHs was applied. Application was made with 
a DMI Nutri-placr 3250 applicator (DMI, Goodfield, IL). The bar was an 11 knife, 3-
point-hitch mounted toolbar with single disk openers ahead of the injection knives. 
Figure 2 shows the applicator. Application of NHs was made to the crop at the 
center point between each row, 38-cm (15-in) from each row. Measurement of 
placement of the NHs band directly after application showed that the error in 
application location was approximately +/- 5-cm (2-in). 
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Figure 1. Plot layout for Marsden-Paulsen Farm 2001 
Figure 2. NHs Applicator 
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Treatments 
Three manifolds were used each year to apply NHs. At the Boyd 2000 plots, a 
conventional manifold (Continental 3497, Continental NHa Products, Dallas, TX), a 
small housing Vertical-Dam manifold (Continental MVD, Continental NHa 
Products, Dallas, TX), and a Rotaflow™ manifold (H. I. Fraser Ltd., NSW, Austrailia) 
were used. For the Marsden-Paulsen 2001 experiment, the conventional, Vertical-
Dam and a prototype FD-1200 manifold (CDS John Blue Co, Hunts ville, AL) were 
used. Each of the manifolds was plumbed to have 11 outlet ports evenly spaced 
around the circumference of the manifold. Figure 3 shows representative 
photographs of the manifolds used. 
A - FD-1200 (prototype), CDS John Blue Co. B - Vertical Dam (small housing). Continental NHi Products 
C - Conventional (Model 3497), Continental NH3 Products D - Rotaflow, H.I. Fraser Ltd. 
Figure 3. Manifolds used in study 
The DMI applicator was outfitted to take a sample of the NHs as it flowed 
from the manifold to the knife. Boyd et al. (2000) details a complete description of 
the equipment. The system allowed for the measurement of the flow of NHs while 
moving through the field. With each manifold installed on the applicator and 
plumbed with standard 0.95-cm (0.38-in) inside diameter hoses, a test run was done 
to determine application rate. The application rate goal was 84 kg N/ha (75 lb N/ac). 
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This application rate was selected to hopefully increase measurable variation in 
yield and other plant health indicators by increasing N stress on the com plant as 
compared to more common higher application rates in com. 
The regulator used on the toolbar was a John Blue Nitropacer (CDS John Blue 
Co., Huntsville, AL). The regulator was adjusted so that the average application rate 
across the 11 knives was approximately 84 kg N/ha (75 lb N/ac). Once the 
application rate was within 5% of the application goal, three passes were made with 
that manifold. Each of the manifolds was used for three replicated application 
passes in a normal plumbing configuration with one outlet from the manifold 
connected to one application knife. Adjacent manifold outlets were connected to 
adjacent knives. This normal plumbing pattern is noted as an 'N' plot in Figure 1. 
To calculate the estimated application rate for each row of com plants, the 
average of the two rates applied on either side of that row was used. It was not felt 
that a single test pass would give a completely accurate picture of the variation in 
distribution from outlet to outlet. To define the application rate used in data 
analysis, the following steps were taken: 
1. The average application rate from the one test run at the time of planting 
was used as the overall rate for the plots. 
2. Using data collected from the manifolds at an earlier date at the same 
application rate and with similar tank pressures with multiple 
replications, the application ratios were determined by taking the 
application rate from each knife and dividing it by the average for all 11 
knives. 
3. That ratio was then multiplied by the average application rate measured 
at the time of planting (step 1). 
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In this way, the overall application rate was used from the time of planting while 
being able to incorporate manifold outlet variability data with multiple replications. 
Figure 4 shows a schematic of the application rate from each manifold outlet for the 
conventional manifold in the Marsden-Paulsen 2001 experiment. In this case, 
manifold outlet # 1 is plumbed to applicator outlet # 1. 
Variation in application rate based on earlier experiments was very 
pronounced with the conventional manifold, while the other manifolds had less 
outlet-to-outlet variation. To increase the variation in application to a high level, a 
second set of treatments were applied with each manifold with the NHa from two 
high-flow manifold outlets intentionally combined at a single knife while another 
knife received a zero application to create the maximum variation possible across 
the swath of the toolbar. 
To achieve this, applicator shanks 8 and 9 were outfitted with knives with 
two application tubes. The flow from knives 3 and 4 was directed to the additional 
tubes on knives 8 and 9. This resulted in the one row between knives 3 and 4 
receiving an application rate of 0 kg N/ha, and one row between knives 8 and 9 
receiving an application at least twice the average application rate. This also created 
four intermediate application rates. Those rows between knives 2 and 3, and knives 
4 and 5 received an application approximately one half the average application rate. 
The rows between knives 7 and 8 and outlets 9 and 10 received approximately 1.5 
times the average application rate. 
Based on the above process, the highest rate manifold outlets were used on 
applicator knives 8 and 9 and the lowest were used on either side of applicator 
knives 3 and 4. This procedure magnified the variation in application to the 
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Figure 4. Manifold outlet arrangement - Normal pattern for conventional manifold, 
Marsden-Paulsen Farm 2001 
maximum possible at the 84 kg N/ha (75 lb N/ac) application rate. The variation in 
these manifolds varies with application rate, and therefore variation data for a given 
application rate is only relevant at that rate. The modified plumbing pattern of zero, 
one, or two manifold outlets to an applicator knife is noted as an 'M' plot in Figure 
1. Figure 5 shows the manifold outlet arrangement for the conventional manifold 
with the modified plumbing for the Marsden-Paulsen 2001 experiment. 
After all applications had been made, each area between the rows was 
tracked over by a tractor. This procedure was done to ensure that all rows were 
compacted approximately the same amount to reduce possible preferential flow of 
water through untracked rows and subsequent NOs-N leaching. 
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Figure 5. Manifold outlet arrangement - Modified pattern for conventional manifold, 
Marsden-Paulsen Farm 2001 
Plot harvesting and sampling 
To measure any variations in yield between application rates, the 
experimental areas were harvested one row at a time. Because each row is a plot, the 
entire plot was harvested in one pass with an Allis-Chalmers Gleaner Model K 
combine. After completing the row, the total weight of the harvested grain was 
recorded as well as the grain moisture content (%). In addition, in 2001 a sample of 
the grain was taken for N analysis. Header height on the combine was adjusted to 
leave 60-cm (24-in) of com stalk in the field. Grain was harvested at or below 17% 
moisture content and yields adjusted to a moisture basis of 15.5%. Yield was 
calculated by weight of grain harvested divided by the area of the plot. 
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Immediately after harvest, stalk samples were taken for stalk-N concentration 
analysis. Ten stalks from each plot were cut according to the guidelines in Blackmer 
and Mallarino (1996). Stalk nitrate analysis was done by the Iowa State University 
Soil Testing Lab. 
Grain samples were processed by the Iowa State University Grain Quality 
Lab for percent protein and results converted to percent nitrogen in the grain by the 
equation: 
Grain Nitrogen (%) = Grain Protein (%) / 6.25 
Statistical Analysis 
The percent grain N, stalk-N concentration, and application rate were tested 
for correlation to corn yield for each experiment. Comparisons were made using the 
PROC REG function of SAS v. 8.2 (SAS, Cary, NC) to determine if the slope of the 
best fit line and the intercept of these comparisons were statistically different than 
zero. Due to seasonal and spatial variations in each experiment, correlations can 
only be made within the boundaries of a single site-year combination (i.e. 
experiment). For example, plots in the Boyd 2000 experiment can only be compared 
to other plots within that experiment. 
Based on Cerrato and Blackmer (1990) and Nafziger et al. (2001), a quadratic 
plateau model was applied to the yield results for each of the experiments. The 
quadratic plateau model was based on the equations: 
(1) y = a + bx + cx2 if x < xo 
(2) y = p if x >= xo 
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where: a, b, c are parabolic variables 
p is the plateau value 
xo is the joint point 
these conditions imply that 
xo = -b / 2c 
p = a-b2/4c 
Using this equation, the PROC NLIN function in SAS V. 8.2 (SAS, Cary, NC) 
was used. This function used an iterative process to fit the model to the data, 
calculating the parameters of the parabolic function and the joint point, Xo, for the 
plateau. To determine if there was any perceptible error in the model fitting, a 
correlation was made to quantify the variation between the model line yield and the 
actual yield. This was also used to examine the assumption that the N uptake was 
split evenly between the two rows adjacent to the application band. If this 50 percent 
assumption was not valid, this comparison would exhibit some noticeable variations 
away from the model line in plots where the difference between application rates on 
opposite sides of the row were high, i.e. a row that had a zero application on one 
side and an excess rate on the other. 
To compare manifolds, the yield results of the three treatment replications 
with each manifold and plumbing configuration were averaged and column charts 
created to visually examine the difference in row yield with each manifold. In 
addition, the PROC GLM procedure was used to determine any statistical difference 
in the yields between each manifold and each plumbing configuration. 
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RESULTS AND DISCUSSION 
Data collected from each of the three experiments were analyzed to 
determine if a relationship between application rate and corn yield existed. This was 
done to see if variations in application rate of NHs at the individual applicator 
outlets would affect the com yield in rows between application knives and also the 
average yield of each manifold treatment. In addition, stalk-N concentration and the 
N content in the harvested grain were measured as crop health indicators. These 
indicators were compared to application rates and yields. 
Soil samples 
The results of the soil samples taken at the time of planting for each of the 
experiments are listed in Table 1. Each sample was a composite of ten soil cores, and 
each sample was analyzed in duplicate and the results averaged. 
Table 1. Pre-plant soil NCb-N (ppm) 
Depth (cm) Boyd 2000 
Experiment 
Boyd 2001 Marsden-Paulsen 2001 
0-30 12 17 17 
30-60 2 9 8 
60-90 <1 4 3 
The soil analysis showed no excessive or deficient values as compared to 
typical results in spring soybean stubble. These samples establish a background 
NOs-N value that is similar for all three experiments; the difference of 5 ppm in the 
top 30 cm between Boyd 2000 and the other two sites would represent a difference 
in N of only about 44 kg N/ha (40 lb N/ac). 
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Boyd 2000 - Crop response to NHs 
Figure 6 shows the measured corn yield from each row as compared to the 
application rate on that row. The application rate is the average of the two rates 
applied on either side of row. 
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Figure 6. Yield Response to application at Boyd 2000 
Statistical analysis was performed on the data and the quadratic plateau 
model line is also shown in figure 6. The model yield plateau was reached at 8.31 
Mg/ha (132.2 bu/ac) and the application rate of NHs at the plateau point was 118 kg 
N/ha (105 lb N/ac). The model parameters for the quadratic function were a = 8.47, b 
= -0.0028, and c = 0.00001. Because the yield plateau was below the intercept (a), and 
the b coefficient was negative, the quadratic plateau model had a slightly negative 
slope. This type of model fit is not considered realistic and is not supported by the 
majority of research done. As such, no yield response to NHs application rate could 
be determined. 
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The 2000 growing season was dry in central Iowa with below normal yields 
seen in many areas. Corn dried to harvest moisture in the field in many areas by 
September 15, resulting in early harvest. Yield response may have not been 
measurable due to limited N uptake by corn plants under moisture stressed growing 
conditions. 
To evaluate how well the quadratic plateau model fit the yield data and to 
evaluate the assumption that 50% of the corn plant N uptake came from each side of 
the row, figure 7 was developed. Values of zero on the X axis were produced when 
the quadratic plateau model yield and the actual yield were the same. Values at or 
near 1.0 on the Y axis had the same or similar application rates on either side of the 
row. Values near zero on the Y axis had a high ratio between application rates (i.e. 
30 kg N/ha / 200 kg N/ha = 0.15). Values at zero on the Y axis had a zero application 
rate on one or both sides of the row. 
The data points in figure 7 were nearly evenly distributed on both sides of the 
model line at 0.0. At the zero ratio point, values ranges from -2.5 to 1.9 Mg/ha (-40 to 
30 bu/ac). This distribution, spread to both sides of the model line for a wide range 
of ratios may indicate that averaging the application rate on either side of the row 
was acceptable for the Boyd 2000 experiment. 
Results of the stalk-N concentration measured at harvest were compared to 
the N application rate and to the com yield by row. Figure 8 shows the stalk-N 
concentrations versus the N application rate. Over half of the samples exceeded the 
700 ppm NOs-N concentration considered to be optimal, and only seven samples 
were in the excess category above 2000 ppm NOs-N (Blackmer and Mallarino, 1996). 
There was a significant positive slope correlation between stalk-N concentration and 
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Figure 8. Stalk-N versus N application rate for Boyd 2000 
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N application rate at a=0.05. The intercept value was not significantly different than 
zero at this level. 
Corn plot yield was compared to stalk-N concentrations, a negative slope 
correlation was found. The majority of the data points were grouped tightly together 
with a few outlier points noticeably affecting the slope. The slope had a very low 
correlation coefficient and was not significantly different than zero. Figure 9 shows 
yield versus stalk-N concentrations for Boyd 2000. 
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Figure 9. Yield versus stalk-N concentration for Boyd 2000 
Boyd 2000 - Yield response to manifold variation 
Each manifold treatment (conventional, Vertical-Dam, and Rotaflow") was 
repeated three times in both normal and modified plumbing arrangements. The 
average yield results for com rows within each manifold treatment were used to 
develop graphs of N application rate and yield. Figure 10 shows the application rate 
«• 
y = -0.0004k • 8.6659 
R2 = 0.0531 
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Figure 10. N application rate and yield for normal conventional manifold for Boyd 2000 
of N from each knife on the applicator, and the yield of the rows within the width of 
the applicator for the normal plumbing arrangement the conventional manifold for 
Boyd 2000. 
Application rates varied by as much as 70 kg N/ha (63 lb N/ac), and yield varied by 
a maximum of 1.03 Mg/ha (16.4 bu/ac). The results of the modified plumbing 
conventional manifold are shown in figure 11. The variation in N application rate 
from 0 to 250 kg N/ha (223 lb N/ac) made little difference in the average yield of the 
treatment. There was no reduction in yield at the 0 kg N/ha rate, nor was there an 
increase at the 250 kg N/ha rate. The coefficients of variation of the yield 
(%CV=(Std.dev/mean)*100%) were only slightly different between the two 
treatments, 3.7% for the normal Conventional and 3.0% for the modified 
Conventional manifold plumbing. Statistical analysis of the manifold treatment 
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Figure 11. N application rate and yield for modified conventional manifold for Boyd 2000 
yield did not show a significant difference in yield between the two plumbing 
arrangements at the a=0.05 level. 
Yield comparisons were also made for the Vertical-Dam and the Rotaflow™ 
manifolds. Figures 12 and 13 show the normal and modified plumbing yield results 
for the Vertical-Dam manifold. 
The Vertical-Dam manifold had a less distribution variation from the 
manifold than the Conventional manifold. However, yield results were statistically 
more varied with the normal Vertical-Dam manifold than with the normal 
conventional manifold. The CV for the yield across the toolbar swath was 8.8% for 
the normal Vertical-Dam, and 2.4% for the modified Vertical-Dam. There was a 
significant difference between the average yields at a=0.05; the modified plumbing 
Vertical-Dam having a 0.89 Mg/ha (14.2 bu/ac) higher average yield than the normal 
Vertical-Dam. No signs of reduced or increased yields due to wide variations in 
application rate were observed. 
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Figure 12. N application rate and yield for the normal Vertical-Dam manifold for Boyd 2000 
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Figure 13. N application rate and yield for the modified Vertical-Dam manifold for Boyd 2000 
Figures 14 and 15 show the normal and modified plumbing yield results for 
the Rotaflow manifold. 
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Figure 14. N application rate and yield for the normal Rotaflow™ manifold for Boyd 2000 
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Figure 15. N application rate and yield for the modified Rotaflow™ manifold for Boyd 2000 
Corn yields were nearly identical between the normal and modified 
Rotaflow™ manifolds. Statistical analysis showed no significant difference between 
average yields at the «=0.05 level. No indications of variation in yields due to 
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variations in application rate were seen on the modified plumbing treatment. Yield 
CV was lower with the modified plumbing Rotaflow™ manifold. While only slightly 
lower, this response would not be expected and no relationship between application 
rate and yield was observed for the Rotaflow™ manifold in the Boyd 2000 
experiment. 
The manifolds were also compared by plumbing arrangement, using the 
yield data from all three manifolds. A significant difference in yield was found 
between the normal conventional and the normal Vertical-Dam manifolds; the 
conventional manifold having a higher yield. The modified Vertical-Dam yield was 
also significantly higher than the yields of the other two modified manifolds. The 
normal Vertical-Dam manifold had the lowest average yield of any of the treatments 
while the modified Vertical-Dam had the highest. While the yield of the modified 
Vertical-Dam was significantly higher than the modified Rotaflow™ or the modified 
conventional, the maximum variation of CV of yield between the three treatments 
was only 1.1%. This would indicate that the variation in application rate across the 
toolbar was not the primary factor affecting yield. There may have been sufficient N 
available in the soil for all three treatments and the application of N only supplied 
excess N, which was not needed during the 2000 growing season. 
A comparison of all normal plumbing manifolds to all modified plumbing 
manifolds showed no statistical difference in yield at a=0.05 for the Boyd 2000 
experiment. 
Boyd 2001 - Crop response to NHa 
The treatments of the Boyd 2001 experiment were from the residual N 
remaining in the soil from the Boyd 2000 experiment. For graphical purposes, the 
application rates from Boyd 2000 were used. Application rates for the Boyd 2001 
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experiment are noted as "2000 N application rate". All other management practices 
were the same as the Boyd 2000 experiment. 
All analyses performed were the same as at Boyd 2000, with the addition of 
analysis for the N content in the harvested grain. Yield response to N application, 
when modeled with a quadratic plateau model, resulted in a response very similar 
to that of the Boyd 2000 experiment. The plateau line intercept was determined to be 
-2.67 kg N/ha (-2.38 lb N/ac) at a yield of 6.1 Mg/ha (97 bu/ac). This resulted in all 
application rates, including the 0 kg N/ha rate being on the plateau line of the 
model. These results indicated that no correlation between N application rate and 
yield was evident. Figure 16 shows the yield response and quadratic plateau model 
line. 
The variation between the actual yield and the model line showed no distinct 
signs of a trend, either high or low. There was a mild shift towards the model 
overestimating the yield on the rows with a zero ratio. The majority of the zero ratio 
data points were clustered between +/-1.0. Figure 17 shows the model error 
distribution for Boyd 2001. 
Stalk-N concentrations were greatly reduced from 2000 to 2001. Figure 18 
shows stalk-N concentrations versus N application rate. No concentration exceeded 
700 ppm NOs-N, labeling all samples as either low (0-250 ppm NO3-N) or marginal 
(250-700 ppm NOs-N) according to Blackmer and Mallarino (1996). The analytical 
procedure used was not able to measure samples with concentrations less than 20 
ppm NOa-N, and as such, those samples have been recorded as zero values. The 
slope of the best fit linear line was significantly different from zero at a=0.05. The 
best fit line crossed the X axis at approximately 50 kg N/ha. 
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Figure 16. Yield Response to application at Boyd 2001 
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Figure 17. Yield model error distribution for Boyd 2001 
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FigurelS. Stalk-N concentration versus N application rate for Boyd 2001 
Comparing plot yield to stalk-N concentration for the Boyd 2001 experiment 
did not show any significant correlation at a=0.05. Figure 19 shows the relationship 
between plot yields and stalk sample concentration. 
The addition of a harvest grain sample collection during the 2001 experiment 
allowed for three additional comparisons to be made. Figure 20 shows the 
correlation between percent N in the grain sample and N application rate, and figure 
21 shows percent N in the grain sample and yield. Figure 22 plots percent N in the 
grain sample against stalk-N concentration. None of the three correlations was 
significant at the test level of a=0.05. 
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Figure 19. Plot Yield versus stalk-N concentration for Boyd 2001 
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Figure 20. N in grain sample versus N application rate for Boyd 2001 
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Figure 21. N in grain sample versus yield for Boyd 2001 
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Figure 22. N in grain sample versus stalk-N concentration for Boyd 2001 
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Boyd 2001 - Yield response to manifold variation 
Yields were greatly reduced in the Boyd 2001 experiment, with an average 
reduction of 26%, or 2.1 Mg/ha (34 bu/ac) from the Boyd 2000 experiment. In each of 
the following figures the N application rate was that applied in 2000 with only the 
residual from that application remaining in the soil (as no N was applied in 2001). 
Figures 23 and 24 compare the conventional manifold in normal and modified 
plumbing arrangements for Boyd 2001. 
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Figure 23. N application rate and yield for normal conventional manifold for Boyd 2001 
No statistical difference in yield occurred when comparing the conventional 
manifold plumbing arrangements. However, a noticeable reduction in yield in the 
rows with a zero application was seen on the modified plumbing conventional 
manifold. A decrease in yield at the zero application rate occurred, but no increase 
in yield due to the excessive application rate was seen. The yield CV increased from 
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Figure 24. N application rate and yield for modified conventional manifold for Boyd 2001 
6.6% for the normal plumbing to 12.8% for the modified plumbing, but only resulted 
in a 0.37 Mg/ha (5.9 bu/ac) reduction in yield. 
Similar analysis was performed on the Vertical-Dam and Rotaflow manifolds 
for the Boyd 2001 experiment. Figures 25 and 26 show comparisons for the Vertical-
Dam manifold. Comparison of the Vertical-Dam manifold plumbing arrangements 
did not result in a significant difference in yield at a=0.05. Consistent with the 
conventional manifold, there was an increase in yield CV with the modified 
plumbing on the Vertical-Dam, but average yield increased numerically with the 
modified plumbing on the Vertical-Dam, where it decreased with the conventional 
manifold. The increase in yield was 0.13 Mg/ha (2.1 bu/ac), and could be considered 
within the range of sampling error or caused by small variations in yield due to 
localized conditions within the plots. Figures 27 and 28 show similar analysis for the 
Rotaflow™ manifold. 
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Figure 25. N application rate and yield for normal Vertical-Dam manifold for Boyd 2001 
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Figure 26. N application rate and yield for modified Vertical-Dam manifold for Boyd 2001 
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Figure 27. N application rate and yield for normal Rotaflow™ manifold for Boyd 2001 
The yield difference was not significantly different between plumbing 
arrangements for the Rotaflow™, but the modified plumbing treatment showed a 
numeric decrease in yield in areas of low or zero application and an increase in yield 
in areas with high application rates. Average yield for the plant rows between 
knives 8 and 10 for the modified plumbing Rotaflow™ were 23% higher than the 
average plot yield. 
The Rotaflow™ manifold treatment was the only modified plumbing 
treatment to have both a reduction and increase in average yield due to varying N 
application. Both the conventional and the Vertical-Dam showed only a reduction in 
yield. 
Comparison of all normal to all modified manifolds showed no yield 
difference at a=0.05. All of the comparisons made between manifolds and 
arrangements in the Boyd 2001 experiment were not significant. 
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Figure 28. N application rate and yield for modified Rotaflow™ manifold for Boyd 2001 
Marsden-Paulsen 2001 - Crop response to NHa 
N was applied in the Marsden-Paulsen 2001 experiment in the same manner 
as the Boyd 2000 experiment. The FD-1200 prototype manifold was substituted for 
the Rotaflow™ manifold and the use of the conventional and Vertical-Dam manifolds 
continued. 
Yield response evaluated with the quadratic plateau model did result in a 
positive correlation between yield and N application rate. The slope of the quadratic 
regression portion of the model was significantly different than zero at a=0.05. 
Figure 29 shows the plot of N application rate and plot yield. 
The model fitting analysis resulted in quadratic parameters of a = 7.41, b = 
0.037, and c = -0.00017. Unlike the Boyd 2000 and the Boyd 2001 models, the 
Marsden-Paulsen 2001 model resulted in a positive slope. The yield plateau was 
estimated at an N application rate of 110 kg N/ha (98 lb N/ac) with a yield of 9.42 
Mg/ha (150 bu/ac). 
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Figure 29. Yield Response to application at Marsden-Paulsen 2001 
Examination of differences between the model yield and the actual yield 
showed a slight bias towards overestimation of the yield by the model for N 
application ratios lower than 0.5. This result indicates that when there are large 
discrepancies between the amount of N applied to each side of the row, the model 
tended to over estimate the yield, as actual yields were less than those predicted by 
the model. This may suggest that in this situation root growth or N movement 
within the soil could not compensate for the variations. The majority of zero ratio 
points fell within the +/-1.0 range, with five plot yield values exceeding an 
overestimation of 1.0 Mg/ha (15.9 bu/ac). Figure 30 shows the yield model error 
distribution for Marsden-Paulsen 2001. 
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Figure 30. Yield model error distribution for Marsden-Paulsen 2001 
Stalk-N concentrations were much higher for Marsden-Paulsen 2001 than in 
the Boyd 2001 experiment, but lower than the Boyd 2000 experiment. The majority 
of the samples were in the low and marginal classifications, with less than a quarter 
of the samples exceeding 700 ppm NOs-N. Even with a large number of samples 
with low concentrations, a significant positive correlation between stalk-N 
concentration and N application rate was seen at a=0.05. An increase of 1 kg N/ha 
resulted in a 10.4 ppm NOs-N increase in stalk-N concentration. Similar to the Boyd 
2001 experiment, the best fit line intercepted the N application rate at approximately 
50 kg/ha. Figure 31 shows stalk-N concentration versus N application rate for 
Marsden-Paulsen 2001. 
Examination of yield compared to stalk-N concentration failed to show any 
significant correlation. Figure 32 shows the relationship between yield and stalk-N 
concentration. 
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Figure 31. Stalk-N versus N application rate for Marsden-Paulsen 2001 
250.0 
4 r 
2 
o ' — ; 
0 500 1000 1500 2000 2500 3000 3500 4000 
Stafc-N concentration (ppm NOM) 
Figure 32. Yield versus stalk-N concentration for Marsden-Paulsen 2001 
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Two of the three comparisons involving the N in the harvested grain samples 
resulted in a significant positive correlation at a=0.05. Figure 33 shows the N in the 
grain samples versus the N application rate. The slope was mild, but a tight 
grouping of sample results between 1.0 and 1.4 % N reduced the variability 
throughout the data set, resulting in a significant positive slope. Figure 34 shows no 
significant correlation between yield and N in the grain samples. Although the 
correlation coefficient is small (R2= 0.1129), figure 35 shows a significant positive 
correlation (i.e. non-zero slope) between stalk-N concentration and N in the grain 
samples. This plot relationship also had a very mild slope with a tight grouping of 
data points. 
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Figure 33. N in grain sample versus N application rate for Marsden-Paulsen 2001 
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Figure 34. N in grain sample versus yield for Marsden-Paulsen 2001 
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Figure 35. N in grain sample versus stalk-N concentration for Marsden-Paulsen 2001 
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Marsden-Paulsen 2001 - Yield response to manifold variation 
Comparison of yield for the conventional manifold in the Marsden-Paulsen 
2001 experiment resulted in a significant difference in plot yield between normal 
and modified plumbing arrangements. The modified plumbing resulted in a 7.4% 
reduction in yield and a 2.3 percentage point increase in yield CV (the equivalent of 
a 46% increase in yield CV). In addition, yield influences are noted with varying 
application rate. Plot rows receiving no N were approximately 10% lower than the 
average yield and those with excess N application (235 kg N/ha (210 lb N/ha)) were 
up to 15% higher than the average yield. Figures 36 and 37 show the conventional 
manifold N applications and yield. 
a N application rate (kg/ha) a Yield (Mg/ha] 
Figure 36. N application rate and yield for normal conventional manifold for Marsden-Paulsen 2001 
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Figure 37. N application rate and yield for modified conventional manifold for Marsden-Paulsen 2001 
The Vertical-Dam manifold plots showed very similar results to the 
conventional manifold plots. The modified plumbing Vertical-Dam manifold plots 
produced a 7.6% decrease in average yield and an increase of 5.3 percentage points 
in yield CV compared to the normal plumbing treatment. The general trend of 
decreased yield on zero application rows and a mild increase in yield on the high 
application rate rows was present. Yield was significantly lower for the modified 
plumbing Vertical-Dam manifold than the normal plumbing Vertical-Dam at a=0.05. 
Figures 38 and 39 show the Vertical-Dam manifold results for Marsden-Paulsen 
2001. 
Analysis of the FD-1200 prototype manifold test plots showed a decrease of 
11.9% in yield and an increase of 4.9 percentage points (220% increase) in yield CV 
with the use of the modified plumbing. The reduction in yield with the modified 
manifold was statistically significant at a=0.05. Figures 40 and 41 show the normal 
and modified plot results for the FD-1200 manifold. 
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Figure 38. N application rate and yield for normal Vertical-Dam manifold for Marsden-Paulsen 2001 
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Figure 39. N application rate and yield for modified Vertical-Dam manifold for 
Marsden-Paulsen 2001 
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Figure 40. N application rate and yield for normal FD-1200 prototype manifold for 
Marsden-Paulsen 2001 
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Figure 41. N application rate and yield for modified FD-1200 prototype manifold for 
Marsden-Paulsen 2001 
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The modified plumbing configuration for the FD-1200 prototype manifold 
had a reduction in yield with the zero N application rate rows but did not have 
noticeable increase in yields at the highest N application rates. 
As each of the manifolds had statistically significant higher yields with the 
normal plumbing, comparison of all normal manifold treatments against all 
modified manifold treatments also showed a significant reduction in average yield. 
Analysis comparing the normal manifold treatments to each other showed no 
significant yield difference; nor did comparison of the three modified manifold 
treatments amongst themselves. 
Economic advantages to reduced application variation 
Yield study results showed no relationship between yield and N application 
at the Boyd site for either the year of application, or the year after application, and a 
positive relationship at the Marsden-Paulsen site 2001. A common question by 
producers is "Can I afford to switch to a new manifold?" Based on data collected at 
the Marsden-Paulsen site, an example calculation was made to illustrate a process 
for estimating the expense of using an older style manifold in terms of excess NHa 
applied above the application goal. 
The conventional manifold (#3497, Continental NHs Products, Dallas, TX) and 
the Vertical-Dam Manifold (Small Housing (MVD), 11 outlet ring, Continental NHa 
Products, Dallas, TX) were compared. These two manifolds were compared because 
the conventional is the standard manifold that has been used for the past few 
decades, and the Vertical-Dam is a newer, low-cost manifold designed to improve 
distribution and is the most commonly available replacement. Current retail prices 
are $50 for a 14 outlet Conventional manifold and $175 for a Vertical-Dam housing 
and 10-14 outlet ring. A savings in NHa material cost of $125 or more would allow 
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for this manifold upgrade. Other new manifolds being introduced in or considered 
for the retail market, are priced in the $400-$1600 range. Cost recovery for these 
manifolds could be estimated in a similar manner to the following example. Figures 
36 and 38 show the application rates and yields for the two manifolds. Normally 
plumbed manifolds were used for a production situation. 
One method is to compare the yield response from each manifold treatment. 
Both manifolds had application rates that very nearly averaged the application goal 
of 84 kg N/ha (75 lb N/ac). None of the normally plumbed manifolds were 
significantly different, so yield response was not a factor with the difference in 
manifold treatment yield only 0.14 Mg/ha (2.2 bu/ac). The higher average plot yield 
was recorded with the conventional manifold. The conventional manifold had a 
higher yield CV than the Vertical-Dam. In this example, there is no yield advantage 
to Vertical-Dam use, and there would be no cost recovery for changing to the 
Vertical-Dam manifold. 
Another method for comparing the variation in application of two manifolds 
is to compare them at a baseline value, for this example, the application goal of 84 kg 
N/ha (75 lb N/ac) is used. The Conventional manifold average application rate was 
87.0 kg N/ha (77.7 lb N/ac), and the average application rate for the Vertical-Dam 
manifold was 84.1 kg N/ha (75.1 lb N/ac). Both sets of application rates are 
normalized to the 84 kg N/ha (75 lb N/ac) application goal. 
Under-application of N stresses crop production. Ensuring that every outlet 
delivers a minimum of the application goal eliminates crop stresses. Often producers 
add "insurance" NH? because of the common perception that NFk manifolds are 
inherently uneven in application. Applying NFL more evenly could help to reduce 
the excess NFL applied. Raising the lowest outlet to the application goal on each 
manifold allows a cost of excess material to be calculated and compared. 
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On the conventional manifold, after normalization, the manifold outlet with 
the least flow, #6, only applied 60 kg N/ha (54 lb N/ha) with the average application 
rate for the entire toolbar at 84 kg N/ha (75 lb N/ac). To raise the lowest manifold 
outlet to the application goal would require and additional 24 kg N/ha (21 lb N/ac). 
As all manifold outlets use the same supply through the regulator, to increase one 
outlet, all other outlets are assumed to increase by approximately the same amount. 
For the Vertical-Dam manifold, the lowest outlet output applied was 66 kg 
N/ha (59 lb N/ac). Only 18 kg N/ha (16 lb N/ac) would need be applied in addition to 
meet the application goal. The difference between the two manifolds was 5.9 kg 
N/ha (5.3 lb N/ac), or 7.2 kg NHs/ha (6.4 lb NHs/ac). 
Using a cost of NHa of $225.00 per ton (2000 lbs) equals $0.25 kg NHa ($0.11 lb 
NHs). At this rate, the cost savings of material with the Vertical-Dam manifold to 
meet the application goal with all knives would be $1.82/ha ($0.74/ac) or $368 on 202 
ha (500 ac) of NHa application. 
A more even application rate across the outlets would result in an even 
greater cost saving with a new manifold. If a new manifold at the application rate 
goal had its lowest knife output at 80 kg N/ha (71.4 lb N/ac). Only an additional 4 kg 
N/ha (3.6 lb N/ac) would need be applied. This would result in a cost saving of over 
$1,200 when compared to the conventional manifold on the example farm. 
Purchasing a new manifold may be cost effective on larger farm operations 
(202 ha/500 ac or more). The second method indicates that the capital cost of the 
manifold may be recovered in less than 202 ha (500 ac). The first method, however, 
did not show any yield advantage to switching to the more expensive manifold and 
there may be no cost savings. 
Another concern is accuracy of the regulator used. While newer electronic 
rate controllers have increased the accuracy of mass flow measurements, older 
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manually adjusted variable orifice regulators are often difficult to set with high 
accuracy. The error in overall application rate with an inaccurate regulator may 
negate any savings from improved manifold distribution. 
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CONCLUSIONS AND RECOMMENDATIONS 
During the 2000 and 2001 crop seasons, the effect of NHs manifold variation 
was examined in three separate yield experiments in central Iowa. Management of 
each experiment incorporated standard management practices. 
NH? was applied between the planted rows of com at the time of planting. 
Three manifolds were used for application, and each of the manifolds was used in 
either a normal plumbing arrangement or a modified plumbing arrangement to 
significantly increase the variability in N application rate. In each experiment, each 
row of com was harvested individually and the yield, stalk-N concentration, and N 
content of the harvested grain compared to the N application rate for that row. 
Yield 
A relationship between N application rate and yield was not apparent at the 
Boyd farm experiments in 2000 and 2001. The 2000 crop season was dry with a very 
early harvest, and plant growth may have ceased before available N in the soil 
became limiting. The Boyd 2001 study had much lower yields than the Boyd 2000 
experiment, possibly because no N was applied and only residual N from the Boyd 
2000 experiment was available in the soil. The Marsden-Paulsen 2001 experiment 
did show a significant correlation between N application rate and yield. A quadratic 
plateau model for yield response was fit to the yield data. Comparison of the model 
yield to the actual yield showed a possible slight overestimation of yield by the 
model on plots having a large difference between the application rate of N on each 
side of the row. 
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Crop indicators 
Stalk-N concentration had a significant positive correlation with N 
application rate for all three experiments. The slope of the correlation was similar for 
Boyd 2000 and Marsden-Paulsen 2001, the two years with NHs application. For Boyd 
2001, the slope was an order of magnitude less. The correlation coefficient between 
N application rate and stalk-N concentration for Boyd 2000 and Marsden-Paulsen 
2001 was about R2 = 0.45. The correlation shows the general slope of the relationship, 
but results from the experiments did not show it to be a very accurate tool for 
predicting application rate. No correlation was found in any experiment between 
stalk-N concentration and yield, and estimation of yield based on stalk-N 
concentration was not possible. 
Comparing the N in the harvested grain samples to N application rate and 
stalk-N concentration did yield a positive slope correlation for Marsden-Paulsen 
2001. These same comparisons were not significant in the Boyd 2001 experiment. No 
correlation was found between yield and N in the grain sample for either 
experiment, thus yield predictions from N content of the grain sample would not be 
accurate based on the results of these experiments. 
Although a correlation was found between stalk-N concentration and N 
content of the grain and N application rate in the Marsden-Paulsen 2001 experiment, 
and stalk sample concentration had a moderate correlation in the Boyd 2001 
experiment, neither stalk-N concentration or N content of the grain showed any 
correlation with yield for either experiment. These results do not support the 
prediction of yields based on either indicator. 
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Manifold variation 
Only in the Marsden-Paulsen 2001 experiment did the normally plumbed 
manifold treatments have significantly higher yields than the modified plumbing 
manifold treatments for all three manifolds. The Boyd 2001 experiment showed no 
significant differences between any of the manifolds and plumbing arrangements. 
The Boyd 2000 experiment resulted in a significant difference between the modified 
plumbing Vertical-Dam and the normal Vertical-Dam. The yield response was the 
opposite of what would be expected, with the modified plumbing Vertical-Dam 
having a higher average yield than the normal Vertical-Dam. In addition, the 
modified plumbing Vertical-Dam manifold had a higher average yield than the 
yields of the other two modified plumbing manifolds. There was little difference 
between yield CV for the three modified plumbing manifolds, and the application 
rates for the modified plumbing Vertical-Dam were similar to the other two 
manifolds. The abnormally high yield for the modified plumbing Vertical-Dam 
cannot be direct attributed to either application rate or application variation. 
The Boyd 2000 and the Marsden-Paulsen 2001 experiments were conducted in 
the same manner, with similar management and application rates. That all 
comparisons between normal and modified manifolds were significant at Marsden-
Paulsen 2001 and only comparisons with the modified Vertical-Dam were significant 
at Boyd 2000 can, in some way, be attributed to weather conditions. Low moisture 
and an early fall may have reduced N uptake in 2000. Weather conditions in 2001 
were closer to long-term averages for precipitation and temperature than the mild 
drought of 2000. 
The Boyd 2001 experiment, while not showing any significant differences in 
manifold comparisons, did show weak trends of decreased yield with decreased N 
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application rate for all three manifolds. Increased yield with increased N application 
was also evident with the Vertical-Dam and Rotaflow™ manifolds. 
The three manifolds used in the study produced similar results when used in 
a normal plumbing configuration. Variations in yield from normal to modified 
plumbing appeared to be dictated by the growing season, not the manifold. 
Weak trends in the Boyd 2001 experiment and significantly different yields in 
the Marsden-Paulsen 2001 experiment indicated that extreme variation in N 
application rate did affect corn yield. Small variations between outlets on the 
normally plumbed manifolds did not result in significant changes in yield. 
Because small variations between application rates did not affect yield, and 
moderate over application did not result in any yield increase, the "insurance" over 
application could be eliminated, assuming that the minimum application rate is met. 
Manifolds with less variation in application rate between knives allow for lower 
application rates to be applied and still have all knives meet a minimum application 
goal. At current prices $1.82 per hectare ($0.74/ac) in NHs cost may be eliminated by 
reducing variation by using a Vertical-Dam manifold rather than conventional 
manifold. With sufficient application area, the savings in NHa material cost can 
offset the purchase price of a new manifold. 
Future research considerations 
To eliminate questions about distribution of N between plant rows equal 
distance from the application point, NHs could be knife applied in a deep band 
before planting, with the plant row placed directly over the N band. 
Repeating each experiment in multiple years in similar conditions could 
better define yield response trends. In addition, the use of a chlorophyll meter on the 
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corn plant leaves at multiple sampling times throughout the growing season could 
provide comparison of another crop indicator to yield and application rate. 
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